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ABSTRACT

The polarized absorption spectra for single crystals
of l=methylthymine and 9-methyladenine and a hydrogen~bonded
complex of the two have been determined. A microspectro-
photometer was constructed to carry out these measurements.
A technique for preparing thin sections of the single crystals
with thicknesses down to 10-5 crm has been developed. Special
attention has been given to intensity determinations for the

several ultraviolet absorption spectra.
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INTRCDUCTION

Polarized absorption spectra of single crystals of purines and
pyrimidines are of interest for the understanding of absorption spectra,
exciton phenomena and other electronic properties of nucleic acids
(27,5,24). With favorable crystal symmetries, dichroism measure-
ments are useful for resolving absorptim;x bands and for assigning
transition dipole moment directions to electronically allowed transi-
tions. To date ultraviolet dichroism measurements of purines and
pyrimidines have been sparse. Lyons (14) measured the polarization
of the first three ultraviolet transitions of 2-amino-4-chloro-6-
methylpyrimidine and of 2-chloro-4, 6t ~dimethylpyrimidine. No di-
chroic ratios were reported, but the polarizations were used for
tentative assignments of the transitior;s. Seeds (25) has reported
that the first near ultraviolet absorption band for 2-hydroxy-4, 6-
dimethylpyrimidine is in the plane of the pyrimidine ring. The experi-
ments described in this research are polarization studies of single
crystals of l-methylthymine, 9-methyladenine, and a hydrogen bonded
complex of 1-methylthymine and 9-methyladenine.

The major difficulty in polarization experiments of this nature
lies in the preparation of thin, single crystals with cross-sectional
dimensions of several hundred microns and a2 controlled thickness

- -
between 10 L and 107 cm. In the past the technical problem has



been overcome by selecting thin sublimation flakes, by crystallizing
between two closely spaced plates, or by doping a transparent crystal
with a chromophore which has a fixed orientation. These technigques
have limitations; sublimation and crystallization usually result in only
one predorninant form and doping is restricted to special cases. When
one can prepare thin sections («:l.l)"5 cm) of single crystals in an
arbitrary crystallographic plane, then this technical problem in crystal
absorption is solved.

This research has attempted to solve the problem by optically
polishing tractable crystals to thicknesses of 10'”'3> c¢m. The technique
has not been perfected for the general problem, buta méjor develop-
rment in this direction has been made. Microtomes, developed for
thin sectioning in electron microscopy, have made this advance pos-
sible. A crystal was optically pelished by slicing small sections off
of it with a2 diamond knife; the small increment of advancement for
the microtome arm allowed grinding of the crystals down to a thick~-
ness of 10"5 cm without destroying it. The faces of the crystal were
kept parallel by observing interference colors of the crystal between
crossed polaroids. One crystal, the hydrogen bonded dimer, was
successfully polished in a direction perpendicular to the molecular
layers. The method employed in this work can probably be extended

to the polishing of soft organic crystals in a direction of choice.



In the past the accuracy of intensity measurements from
absorption has been difficult to estimate due to thickness uncertainty
and reflections off the crystal face. Both problems have been given
special attention in this work, Thicknesses were determined by
measuring the retardation of the crystal under crossed Nicols with
a quartz wedge and monochromator. The relatively high birefringences
of the crystals made thickness measurements possible with the retar-
dation technique. The reflection coefficients of the crystal can be
calculated by the well known Fresnel formulae if the refractive
indices and the absorption coefficients at the wavelengths of interest
are k:aown. The refractive indices in an absorption band of interest
for the research presented here were calculated from a two term
Drude dispersion expression with the help of a Kramers-Kronig
" transformation,

A more accurate method of determining crystal thickness has
recently been applied in the field of crystal spectroscopy (1). By
means of double beam interferometry Bree and Thirunamachanbran
were able to determine the thickness of single naphthalene crystals
within 5% to 10%. The interferometer technique made it possible,
moreover, for these workers to determine refractive indices up to
the edge of the absorption band.

Recent theories on the molecular interactions in crystals (4),



"aggregates' (15), and polymers (27, 24) have led to the concern for
accurate intensity measurements. In particular, the nucleic acid
polymers have interesting intensity behavior when compared to the
nucleotide ;onomers. For DNA the observed absorptivity per
nucleotide is 0. 6 of the sum of the molar absorptivities of the individual
nucleotides in solution. The decrease in intensity (hypochromism) is
uniform over the first ultraviolet absorption band of the polymer and
shows no apparent wavelength shift from the overall absorption band
due to the several nucleotide monomers. The phenomenon of hypo-
chromism in the nucleic acids has been a subject of theoretical interest
for the last few years. Tinoco and, independently, Rhodes have
presented a first order dispersion theory to account for the intensity
behavior of polynucleotides. In the absence of exchange, the per-
turbation interaction is coulombic; the potential energy operator has
been expanded to give the first non-zero matrix elements. These
elements are of a transition dipole-dipole interaction type. There-
fore the geometry of the several, ordered nucleotides in the polymer

is an important factor for determining the intensity behavior. There

is a remote possibility that a good theory will make it possible to

draw some conclusions about the base sequence in a2 nucleic acid from

its hypochromism,.
The crystalline purine and pyrimidine derivatives studied in

this research are approximations to polynuclectides and are expected
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to have similar interactions between chromophores. By determining
transition dipole moment directions for the various absorption bands
and by knowing the crystal structure one can test the Tinoco or
Rhodes theory for intensity behavior in polymers. In practice, how-
ever, this work did not realize a rigorous test of the theory. Several
souri;es of error led to intensity uncertainties of from 10% to 40%.
Furthermore, only the transition dipole moment directions for the
firat ultraviolet absorption bands could be determined. As a result
the experiments were limited to 2 qualitative comparison with the

theory.



THE MICROSPECTRUPHCTCMETER

General Description. The microspectrophotometer consists of a

magnetically stabilized, high pressure xenon arc, two monochromators
in tandem, a modified polarizing microscope, and a photomultiplier
tube, the voltage of which is amplified by an A.C. coupled amplifier.

A schematic drawing of the optical system is shown in Figure 1. The
light source is continuous with an ultraviolet output, which is relatively
flat from 400 mp to 300 mi. Below 300 mup the cutput intensity falls
off; at 225 my the intensity is too low to be of practical use. The
instrv.;ment is ordinarily operated with & half-band width of 3.3 mp.

The Spectral purity of the monochromatic light is sufficiently good to
measure transmissions of one part in 105 at 270 mp. The mono-
chromatic light, reflected onto an aperture with a2 front surface alum-
inum mirror, has a total convergence angle of 13°., Because of the
relatively high dielectric constants of the crystals, the iﬂcident light

is essentially parallel to the normal of the crystal face. A Glan-
Thompson polarizing prism is between the mirror and the aperture.
The crystal is mounted over a selected, movable aperture (usually

50 u in diameter); a second apertur;e of the same diameter serves as

a reference. (The apertures move acr‘oss a rotatable stage.) The
light signal, detected with a photomultiplier tube, is chopped every

two seconds with a slow turning, saw toothed wheel. The one~half
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Figure 1. Schematic optical diagram of the microspeciro-

photometer.
XA Xenon arc light source
H Stainless steel housing

EM Stabilizing electromagnet

Ll Collimating lens

P Dispersive quartz prisms

L:’ Focusing lens

Va: Light chopping wheel

-31 Entrance slit o. grating monochromator
1\.4{1. M3 Front surface, plane rirrors

Mz Focusing mirror

G Grating

32 Exit slit of grating monochromator
L3 1:1 imaging lens

P Polarizing prism

A Aperture
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cycle A. C. signal allows the filtering out of the higher frequency
noise for high gain amplification and, moreover, eliminates the prob-
lem of D. C. driftc. The A. C. signal is read on an oscilloscope grid;
the smallest detectable absorbance is .02 units. The gain of the
amplifier limits tﬁe high absorbance measurements to 5 at 270 mu
and to 3 at 230 mu. A detailed discussion of the construction and

operational features of the instrument is given below.

Components and Construction. The microspectrophotometer was

constructed with two monochromators in tandem with near matched
f-numbers in the ultraviolet. The premonochromator is a Bausch
and Lomb quartz prism monochromator, Catalog No, 232. The
instrument has two 30-60 quartz prisms which are symmetrically
placed on a- variable drum. As shown in the figure, the prisms have
corresponding faces which are nearly perpendicular to the optic axis
of the instrument. The two focusing lenses, which are crystalline
quariz cut perpendicular to the optic axis, are mounted on racks and
pinion gears, which have calibrated drums to correct for the chromatic
aberration of the lenses. The focal lengths and diameter of the
lenses are matched; these lengths were measured with a 436 mu
mercury arc line. They agree within 0.1 mm. The calculated linear
dispersion, assuming near perpendicular incidence at 250 mp is

4 mp/mm. The focal lengths and f-numbers in the ultraviolet region



are listed in Table I. The values were calculated from the indices
of refraction of quartz (9) and the diameter of the lenses, which are
the entrance and exit pupils of the optical system. The device is
mounted on a cast iron base which has three feet for vertical adjust-
ment. The light source stands at the focal point of the entrance lens.
The entrance slit of 2 second monochromator is placed at the focal

_ point of the exit lens in the premonochromator.

TABLE 1
A= 436 mu f=150.8 mm

A (mu) N f(mm) f/nc.
361 1.5635% 1:8.3 4.8,

g
330 1.5¢97 148, 7 -_5.78
303 1.5770 124.8 4.7,
275 1,5875 142.2 4, 63
257 1: 5962 1408, 2 4, 57
245 1.6047 138.2 4, 50
231 1.6140 136. 1 4. 45

The second monochromator is 2 Bausch and Lomb 500 mm
foca:l length grating monochromator, Catalog Number 33-86-45-58.
The grating is 100 mm X 100 mm grazed in the first order ultra-
violet with 600 grooves/mm. The monochromator has a dispersion
of 3.3 mu/mm and an equivalent aperture ratio of f/4.4, The instru-

ment was operated with the slits set 2t 1 mm. The wavelength drum
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readings were calibrated with a low pressure mercury arc. Several
strong lines from 4358 £ to 2537 A were selected. Thre calibrated
drum is accurate to within .5 myu. Rocking the premonochromator
back and forth 5 mp about 2 mercury line, while the gre;ting was fixed,
attenuated the signal by a factor of about 2 hundred.

The light source is a 500 watt Osram xenon arc which approx-
imates a point source. The arc is powered with a D, C. generator at
21 amps and 20 volts across the poles. To remove fluctuations in the
D, C. generator seven 12 volt batteries are in parallel with the cir-
cuit, in a trickle charge configuration. The lamp is mounted on a
Y -inch transite block and housed in stainless steel sheet metal, The
transite base is perforated with 7/16-inch holes to allow cooling of the
lamp with a blower. A 5 mm hole in the metal housing is centered
about the optic axis of the instrument; the point source was assumed
to be 1 mm above the cathode pole tip. The 5 mm aperture is a limit-
ing stop for an f/4 instrument. So that a magnified image of the source
can be projected onto a wall, a2 second aperture is situated at right
angles to the light path. A low frequency jumping of the plasma about
the burrs on the cathode pole created a serious difficulty with the arc.
The problem was solved by placing near the cathode a2 weak magnetic
field, which forces the plasma to siton 2 particular burr at a2 minimum
potential. The magnet is composed of two soft iron tips, held by an

iron core, which is wound 200 times with 30 gauge enamelled copper
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wire. The magnet draws several miliamps from two 13 -volt dry
cells in series. The field strength is contrclled by a 100 ohm variable
resistor. iWhen one edge of the parabolic image of the plasma is
aligned along the axis of the poles, the arc is generally stable. In
order to find the most stable configuration it is necessary to rotate
the arc about its pole axis in the presence of the magnetic field. The
arc usually has toc be readjusted after several hundred hours of use.
The image of the source on the exit slit of the monochromator
is focused by a stationary, fused quartz lens onto a small aperture.
The lens, designed to minimize spherical aberration for one to one
imaging, has a focal length of 9 cm for 260 mp light. An iris is placed
over the lens so that the angle of convergence can be varied. At full
aperture the lens is £/4.4 and can be reduced to £/35, . For normal
operations the total angle of convergence is 13°. Incident light thus

enters the crystal at a maximum angle of ¢,.5°

with respect to the
normal, The relatively high dielectric constants of the crystala bend
the rays to angles of approximately 3.5° with respect to the normal.
For the usual cases studied the light may be considered to have per-
pendicular incidence upon the crystal face. For more critical measure-
ments the iris can be reduced, but with some loss of intensity.

Figure 2 is a photograph of the microspectrophotometer; it

excludes the light source and monochromators. A front surface alum-

inum mirror reflects the incident light onto a small aperture., The
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Figure 2. The microspectrophotometer.
The premonochromator and light source are not
visible. A panel on the grating monochromator is
seen on the extreme right. See text for details.
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mirror is attached toc an adjustable yoke by two inset pins whose axis
runs parallel to the plane of the mirror. Fine adjustment of the mir-
ror about this axis is accomplished with a thumb screw and spring
fixed to the yoke., The yoke's axis, which runs perpendicular to the
inset pins, is attached to a fixed post with a {flat-head pin. A small
set screw and spring attached to the post permits a fine adjustment
of the mirror about the yoke's axis,

A used, modified Leitz polarizing microscope completes the
instrument. The Nicol polarizer and conoscope were removed, and
a Glan-Thompscon polarizing prism mounted in place of the Nicel. The
transmission of the prism compared to air was recorded on a Cary
Model 14 spectrophotometer from 360 my to 220 mup. At 300 mp the
transmission is 17.5% and monotonically decreases to 2. 5% at 220 m.
The Glan-Thompson prigm was rotated untl it crossed the analyzer
of the Lieitz microscope. This rotation places the electric vector in
a north-south position. The direction of vibration of the pelarizer was
also determined by extinguishing reflected light from a glass plate near
Brewster's angle. The eccentricity of the polarized light was never
determined, but a lower limit was established {rom transmission
measurements of 2 crystal whoge dichreic ratio is at least 38:1. An
a.mplitade ratic of 28:1 was computed; thus the out of plane component,
from an intensity point of view, is probably no more than one partin

800,
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The base of the microscope was rotated to a 20° position with
respect to the body tube and bolted to a mounting block, to which is
attached a pinion gear box. Two fixed posts, one of which has a rack,
prov_ide support for the microscope. The mounting block is held to
one post by a tight spring and to the other post through the gear box,
which has a brake (See F‘ig.‘ 2). The rack and pinion allows one to
correct for the chromatic aberration of the 1:1 imaging lens. This
correction is made by moving the microscope along the posts tc a
region of maximum signal for a particular wavelength. The two sup-
porting posts and the mirror post are bolted to a rectangular stand
which is supported by three adjustable feet.

The rotatable stage on the microscope is calibrated in one
degree units. VThe center piece is fitted with a new disc which has
2 1/16-inch hole in the middle. Mounted on the stage is an American
Optical mechanical stage with lateral and to and fro motion; respec-
tive vernier scales read to the nearest 0.1 mm. The bulk of the
mechaniczal stage allows ?otation of the main stage only through 270°.
The mechanical stage accommodates 3" X 1" X 1/8" anodized brass
blocks which have two 1/ 16“-holeé drilled in them. The two holes,
aligned with the long axis of the rectangular block, are separated by
6 mm, each 3 mnﬁ off the short axis of the block. Platinum apertures
are cemented over these holes. The several pairs include aperture
diameters of 25 u, 50 1, 85w, and 100 p, These, with the exception of

the 85 p aperture, are standard apertures used on electron microscopes.
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The 85 p apertures were punched ocut of 50 p apertures with a sharp
tungsten pick. All pairs of apertures are aligned along the long axes
of the brass blocks within 50 p. Thus for the transmission measure-
ments, it is only necessary to move the apertures laterally with a
fixed to and fro position. Cne of the apertures serves as a reference;
the other has a crystal over it. The preparation of the crystals will
be described later. The crystals are mounted on the nipple end of a
cylindrical, fused quartz block. The block is supported by a small,
brass sleeve Witil the nipple end over the aperture. A copper spring
holds the brass sleeve onto the platinum disc.

A light-tight horn fits snugly over the anodized brass blocks.
The horn allows free movement along the long axis of the blocks. The
circular collar of the horn, one inch in diameter, is coupled to a
photomaultiplier housing with a tight fitting, felt ring. The felt ring
reﬁtx;icts moverment in the to and fro direction. The body tube of
the microscope may be removed; a housing for an RCA 1¥-28 photo-
multiplier tube fits in its place. A 7/16" hole at the bottom of the
housing provides an adeguate opening intc the photomultiplier tube.

Voltage is applied to the dynodes of the photoemultiplier by
means of a voltage divider consisting of 80 K ochm resistors between
each stage. The load resistor can be éwitched irom 10 Meg ohms,
which is built into the A. C. coupled amplifier, to 100 K ochms in

parallel with the 10 Meg ohm resistor, The photomultiplier is driven



with negative voltage from a Keithley Model 240 power supply. The
output signal is amplified by an A, C. coupled high gain amplifier.

A Type E plug-in unit for the Type 535 Tektronix oscilloscope is an
adequate amplifier; its linearity covers a range from 10 MV /cm to
0.05 MV/ecm. At the entrance slit of the second monochromator a
slow turning, saw-tooth wheel chops the light signal at one-half cycle
frequency. The signal, displayed on a cathode ray tube. is a near
sgquare wave curve. The peak heights read to the nearest millimeter
on a centimeter scale. A set of capacitors, in parallel with the load
resistor of the photomultiplier tube, can be selected to filter out high

freguency noise. The set ranges from 1 uf to . 005 uf.

Cperational Features. One major feature of the microspectrophotometer

is a half cycle signal, which is used to enable filtering out the noise
from high gain measurements. Most of the noise from the power sup-
ply and photoemultiplier tube has freguencies 1arge}' than one hundred
cycles. A capacitor which provides & response time of 0.1 seconds
wag selected for 2ll measurements. Hence, even sixty cycle pickup
was attenuated for the high gain measurements. The A. C. signal,
with a half cycle, dark current reference, is advantageous; it elimin-
ates the problem of D, C. drift, which is often encountered with D. C.

circuit, high gain spectrophotometers.
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There is essentially no problem of stray light with the two
monochromators in tandem. The instrument was first compared to
the Cary Model 14 spectrophotometer. he absorption spectrum of
a 1 mm pyrex filter was measured from 390 mu to 270 my on the Cary.
At 270 mp the absorbance was 4.92. By placing the filter over the exit
slit of the second monochromator the transmission was then measured
with the microspectrophotometer and the computed absorbance com-
pared to the Cary measurement. From 340 mp to 270 mp, the absorb-
ance measured with the two instruments agreed within 0.02. The
signal on the oscilloscope can be read to within two pet;cent at best.
Thus absorbances less than .0Z cannot be measured. (For crystal
absorption the error is + .04 absorbance units due to the correction
for the quartz block.) A more critical stray light test was conducted
with 2 l-methylthymine crystal., A sufficiently thick section trans=~
mitted one part in ten thousand of the reference signal at 275 mp.
Putting the pyrex filter into the light path attenuated the signal beyond
detection. Thus any light of waveléngths greater than 300 mp must be
less than one part in 105. The transmission of a Hoogsteen dimer
crystal at 230 mp was similarly tested. The transmittance was 0.01;
the pyrex filter attenuated the signal beyond detection. Since the
absorption of the crystal itself was an adequate filter for wavelengths
from 280 my down to 235 mu; stray light of wavelength greater than

240 mp must be less than one partin 103. These stray light studies
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indicate that absorbances as high as 5.0 at 270 mu can be measured
with confidence. Itis important in the design of this system that the
rated equivalent aperture of the grating monochromator not be exceeded.
In our preliminary studies stray light was a major problem, because

the grating was overfilled, Vignetting the grating monochromator
reduced the stray light appreciably, but it was necessary to use a pre-
monochromator in order tc measure transmissions of the order of cne
part in 105.

The instrument was usually operated with a full scale signal
-on the oscilloscope for the reference aperture. The image of the
source at the exit slit of the second monochromator was focused onto
the reference aperture. With the 100 K ohm load resistor in parallel
with the 10 Meg ohm: resistor, the power supply was increased antil
a &0 millivolt signal appeared.

By switching out the 100 K ohms resistor a gain of 101 is
introduced; a further géin of 200 can be achieved with the amplifier.
(When changing the lozd resistor, it is necessary to reduce the
capacitor in order to maintain a constant response time.) Even higher
gains can be accomplished by i11cfeaaing the voltage on the power
supply, but this is usually impractical. Hence, the practical upper
'Iirmit for transmission detection is one part in 105 to 104 at wave-
lengths above 240 my. Due to the relatively low intensity output of

the xenon arc in the 240 myp to 230 mu region, and due also to the



19

absorption of the polarizer, the reference signal from the apertures
used was too weak to measure transmissions less than one part in a
thousand. The maximum voltage from the power supply is 1000 volts;
the limit for the photomultiplier i3 about 100 volts per stage. At this
level of gain signals were too noisy to read below 0,01 millivolts.
Reference signals were about 10 millivolts. Below 230 mp reference
signals were not within a practical limit of detection,

The uncertainty of an intensity measurement is determined
essentially by the smallest absolute reading on the grid over the
oscilloscope tube. Gains were increased so that the largest possible
reading was displayed. In this way the relative error was kept
approximately constant. Every transmission measurement has a cor=-
responding, constant absorbance error of + .02 units. For quartz
blank transmissions the crystal was dissolved off with water. Crystal
absorbances have an error of .04 units. Intensity readings are
reproducible when the apertures are moved to & position of maximum
signal. The field seems toc be uniform over a region 75 u in diameter.
The vernier scale on the mechanical stage is not adegquate for repro-
ducible settings. With care the apertures can be aligned so that their
rotation does not change the signal.

The ma jor limiting feature of the instrument is probably the
polarizer. As mentic;ned earlier, the out of plane component is be-

lieved to be one part in 800 of the in plane energy. For transmissions
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in the direction of weak absorption, the out of plane component is
unimportant, because, at worst, only one part in eight hundred of the
reference signal is removed by the principal direction of strong
absorption. But for transmissions in the direction of strong absorption,
the out of plane component is critical. The analysis presented immedis .
ately below shows that in the case of very large dichroic ratics, a
transmission of about one partin a hundred is the limit of confidence.

The error in the measured absorbance is

1 10°® 4 107870

e )
1072 41 10"““3

1
AA = A(l - I—}) + loglo (

where D is the dichroic ratio, A is the true absorbance in the direction
of strong absorption, and1 is the ratio of the in plane intensity to the
out of plane intensity. Figure 3 is a plot of the error as a function of
A for different dichroic ratios and for I = 800, From the functicnal
behavior of the absorbance error, itis concluded, in general, that
absorbances less than 2 are reliable for measurements in the principal
direction of strong absorption. For crystals with a dichroic ratio of

2 or less, absorbances up to 4 can be measured within the error of

+, 04 absorbance units. The situation could be improved by placing a
second Glan-Thompson polarizer in series with the first. The limit

of confidence is thus raised up to absorbances of about 4. However,
the loss of intensity near the low wavelength region is an undesirable

feature.
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Figure 3. Absorbance error due to eccentricity of polarized light.

See text for discussion.
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Because of the 1 mm slit width settings for the grating mono-
chremator, the width of the wavelength band of the output light is
rather large, about 3.3 mu . Threre is, therefore, an error in the
absorbance measurements in a wavelength region where the absorption
coefficients vary markedly with wavelength in that for a thick crystal
the average wavelength of the transmitted light will be different from
that of the incident light. This problem can be treated in the following

way. The transmission measured is:

A
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£(\) is the intensity output function of the xenon arc plus the polarizer.
5(1) is the slit function of the monochromator. The slit function is

assumed to be triangular.
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A% is the half-band width of the monochromator. We expand ¢())
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Figure 4 is a2 plot of the correction term as a function of
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! e (A )! for a band width of 3.3 mp. The crystal's absorbance
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slope must have an absolute value of aboat 0. 15 mu or less for a
reliable transmission measurement. For most cases of interest the
crystal had to be about 1 p thin in order to determire meaningful toe

absorption.
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Tre output function of the xenon arc is shown on a logarithm plot
in Figure 5. The polarizer does not affect the contour down to a

wavelength of about 300 myu.

Around 300 my, "ZS\")) is~3 % 1072 mu"". Thisis a small
correction which justifies the simpler theory of Case I for establishing
confide - ce limits.

In summary, the major advantages of the microspectrophotometer
are the slow A.C. signal, which makes high gain measuarements pos-
sible, and the absence of stray light toc within one partin 105- The
eccentricity of the polarized light limits transmission measurements
in the direction of strong absorption, for dichreic ratios larger than
iive, to one part in several hundred. The non-monochromicity of the
incident light limits absorption measurements to a crystal which has

an absorbance change no more than 0.15 absorbance units per milli-

micron .

Retardation Measurements. The general principles for retardation

measurements are outlined below. When a crystal is fixed with one
of its extinction directions at an angle of 45° with respect to the

electric vector of plane polarized, parallel light, the electric vector
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B Figure 5. Intensity output of the
xenon arc with the
- polarizer removed.
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projects its amplitude equally onto the two extinction directions. As
the ray proceeds through the transparent crystal, one component lags
behind the other due to the different refractive indices along each
extinction direction. The emerging light will, in general, be elliptic-
ally polarized. If quartz, or any other birefringent material, is
placed over the crystal with extinction directions aligned, the retarda-
ticn produced by the crystal will be either advanced or retarded
depending on the alignment of the refractive indices of the two bire-
fringent materials. If the high refractive index (slow ray direction)
of quartz is colinear with the low refractive index (fast ray direction)
of the crystal, then the guartz retards the phase difference introduced
by the crystal. By using a wedge of quartz, a material of constant
birefringence with varying thicknesses, it is possible te vary the
advancement or retardation of the two components of the elliptically
polarized light. When the total retardation of the light is some integral
multiple of the wavelength for the light incident on the crystal, then
the light emerges from the quartz as plane polarized light which is
parallel to the plane of polarization of the polarizer. Thus thn.a final
emergent light has a plane of polarization at right angles to the vibra-
tion direction of the analyzer. A dark fringe will appear across the
field of view because no light is transmitted by the analyzer,

If the crystal i3 removed and the guartz wedge is kept fixed,

then the light passing through the wedge will be elliptically pclarized



with components which will project themselves onto the vibration
direction of the analyzer and will add to give a non-zero value. Thus
light will appear acrcss the field of view. The wavelength can be
changed until a dark fringe appears again; at this point the retardation
of the quartz is an integral multiple of the new wavelength,

Figure € is a two dimensional representation illustrating the
retardation phenomenon discussed above. The dashed-line waves are
vibrating at right angles to the plane of the paper. The wavelength
for cases A and B is 589 mp. The quaftz wedge has its fast ray com=
ponent over the fast ray component of the ¢rystal. The quartz wedge
advances the fast compoenent from the crystal to one full wavelength
ahead of the slow component of the crystal. For case B the resultant
wave, not shown, is elliptically polarized. In case C the wavelength
is 393 mp , where the slow ray of the guartz is retarded one full
wavelength behind the fast ray of the gquartsa.

For case A the retardation of the crystal plus the gquartz wedge

is 589 myu; thatis,
Ant +An t = 589 mu ' (1)
cc qq

where Anc = the difference of refractive indices in a principal plane
of the crystal; tc = the physical thickness of the crystal; &nq = the
birefringence of the guartz; tq = the physical thickness of the gquartz

at the position of interference.
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Figure 6. Two dimensional representation of retardation produced
by quartz wedge and crystal,
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For case C the crystal has been rerncved and the wavelength

changed (the wedge was not moved) so that

An t =393 2
"a'q s (@)

This method of measurement is somewhat simplified because
Anq does not change with wavelength. From equation 2 we can deter-
mine Anqtq. and then from equation 1, solve for the retardation of the
crystal, Anctc. In this example, Anctc = 196 mp. If the crysial has
a birefringence of An = 0.1, then its physical thickness is
R _ 196 mp

"Xa 0.1 = 1,96 p. The birefringence of the crystal is measured

t
independently; e.g., oil immersion determination of the refractive
indices.

If the wedge has a thickness such that for 393 mu light the slow
ray is retarded two full wavelengths, then the total retardation iz
786 mp. In this case if the wavelength were fixed at 393 mp, one could
see that the dark fringe is a second order fringe by withdrawing the
wedge and observing a second dark fringe when the thickness cor-
responding to the first order is in the field of view.

Crthoscopic observations with the microspectrophotometer
were used to orient all crystals for retardation measurements and in
spectrophctometry. A crystal could be oriented to within one degree
between crossed polarizers. Retardations of the crystal were measured

with a gquartz wedge in the manner described above. A wavelength of
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589 mp was selected. The crystal was rotated 45° with respect to

the extinction direction. A quartz wedge was inserted into the body
tube at aﬁ angle of 45* with respect to the vibration direction of the
analyzer. With the ocular removed so that the eye could f;ocus on an
interference fringe, the wedge was pushed in until an interference
fringe bisected the image of the field. With the wedge fixed, the ocular
was put in and the crystal was moved off the field of view., The refer=-
ence aperture was brought into view and centered with the help of the
ocular cross-hairs. The ocular was again removed and the wavelength
was varied until the interference fringe bisected the field. Care was
taken to know the order of the fringe; this was done by counting fringes
as the wedge was slowly pulled cut. Since the birefringence of guartz
is constant over the visible region, the reading on the monochromator
drum times the order is the retardation of the quartz wedge. Depend~
ing on the position of the slow and fast rays of the crystal, the retarda-
tion of the quartz plus or minus the retardation of the crystal is some.
integral multiple of 589 mp . For most retardation measurements the
first order was an adequate range. In some cases crystial retardations
were larger than 100 my; it was then necessary to use the second or
third order fringe of the quartz wedge. If the crystal retardation was
larger than 589 mp, its order was easily determined up to about fourth
~order. The crystal was oriented so that its fast component was co-

incident with the slow component of the gquartz wedge. The guartz



32

wedge was pushed in until the zeroth order interference fringe ap-
peared. Cne could reéognize the zeroth order by noting that the fringe
did not move when the wavelength drum was moved. ‘hen the zeroth
order was found, the order of the wedge was measured. The order of
the wedge is the order of the crystal. The wedge has four orders for
589 mup. For first order work the retardation of the guartz was re-
produced within 2 to 3 mp . Ten measurements were usually made;
five with added retardations and five with subtracted retardations.
From an independent birefringence determinatoen of the crystals at
589 mu, and from the retardation measurements, the physical thick=

ness was computed.
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THE PREFARATICON OF CRYSTALS

Crystal Growth. Three different crystals were studied in this work.

l-Methylthymine, Lot No. 1074, and 9-methyladenine, Lot No. 1075,
were purchased from thé Cyclo Chemical Curporation. The compounds
were, separately, once recrystallized from water and dried at room
temperature under vacuum. Monoclinic crystals of each compceund
were grown by evaporation of agueous solutions at room temperature,
l-Methylthymine usually had {111} and {100} as the predominant
forms and was prismatic in shape. A less predominant face is the
(102). The well-developed edges were 0.4 mm to 0.7 mm. By
spreading a hot solution, saturated in l-methylthymine onto a quartz
coverslip, very thin plates were obtained. The (102) face predomin-
ated. Some plates were as thin as 0.7 ¢ with 2 cross section of
0.2 nmmX 0.1 mm. 9-Methyladenine crystals appeared as needles
with the c-aa’cis parallel to the needle axias and with forms {110} and
{00 l} well developed. The {010} was a less prominent form,
The crystals were 2 mm to 3 mm long and 0.2 mm te 0. 4 mm along
thé edges of the {001} face.

In order to grow a hydrogen bonded pair of l-methylthymine
and 9-methyladenine, hereafter called the Hoogsteen dimer, eguimeclar

guantities of the two compounds were dissolved in water. Upon
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evaporation to dryness at room temperature well formed, monoclinic
needles were obtained. The beaxis lies parallel to the needle axis.
Forms {100} ’ {001} and {010} predominated. Typical dimensions

were lecmX .4 mm X 0.2 mm.

The Techniqde for Preparing Thin Sections. The major problem in

obtaining ultraviolet absorption spectra of single organic crystals lies
in the preparation of thin sections. The compeunds are typically 10 M
in the crystalline state and have molar absorptivities of the order of
104 2. moha.1 cm'l. In order to obtain measurable absorbances, the
crystals must have a thickness of the order of 10-5 cm. In the past
investigators have had to sublime thin plates or to crystallize com-
pounds between closely spaced, quartz plates. Up to the present,
there seemed to be no satisfactory, general technique for making thin
sections of single crystals with cross sections as large as 0.2 mm

¥ 0.2 mm. However, a general technique for preparing thin sections
of tractable crystals has been developed.

We first attempted to prepare a thin section by conventional
slicin.g technigques using an ultramicrotome of the type used for pre=-
paring electron microscope specimens. This method, which is
described in detail in the next paragraph, failed because the crystal,

when cut, shattered into a mosaic of microcrystals.
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The actual procedure was as follows. A uracil crystal, which
is a layer structure (20), was coated with polyvinyl alcohol and then
imbedded in a methacrylate block by polymerizing a mixture of methyl
methacrylate and n-butylmethacrylate monomers around it. At this
stage the crystal extinguished well under crossed polarizers. The
block was oriented so that the (001) face (the plane of the molecular
layers) was in the plane of the cutting edge. The block was waxed onto
a rod which fits into 2 standard chuck for the 3ervall Porter-Blum
microtome. With the microtome set at * p increments the crystal was
cut with a diamond knife. The sections were floated on 2 water-
acetone solution saturated in uracil. The polyvinyl alcohol prevented
the uracil from falling cut of the methacrylate section. The sactions
were recovered by catching them on a quartz coverslip. CTutof a
thousand slices four were recovered. The sections often wrinkled as
they were cut. Under orthoscopic observation the recovered sections
extinguished, but not sharply, and appeared to have grainy surfaces.
The retardation of one section was 26 mu. From the birefringence
(8), the calculated thickness was 0.15 1. The absorbance at 290 mp
was 1.82 for E!'b and 1.00 for E/b. From 290 my down to 240 mu
the apparent absorbance rose smoothly to 3 and 2, respectively. These
results seemed suspicious for two reasons. In the first place the

absorbance at all wavelengthé is too high as compared with the soluton
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spectrum. In the second place the solution spectrum shows 2 maxi-
muimn at 258 m and a2 minimum at 229 mu. A conoscopic observation
revealed that the Bxa figure was a superposition of many little Bxa
figures; the isogyres were highly distorted. It was concluded that

the crystal was shattered daring the cutting and that a mosaic of
microcrystalline regions remained. Therefore, the birefringence was
low and the calculated thickness too small. The same experience was
encountered for a l-methylthymine crystal.

While repeating the same experiment with l-methylthymine,
it was observed that the crystal face remaining on the methacrylate
block after sectioning seemed to be optically polished. It was reascned
that one could cut the crystal down to 2 very thin section on the methe
acrylate block by taking advantage of the microtome's small advance
increments. The smallest setting on the microtome is . 025 . After
some practice and adaptations the following technique was found adequate
for cutting crystals to sections as thin as 0.1 u.

For a crystal with a thickness of 5 X 10'5 c¢m and cross-
sectional dimensions of 10'2 cm, it is necessary that tbe two faces be
parallel within 0.001 radians (4' of an arc) for the thickness to be
constant within 20% across the crystal. The techunigque used was capable
of satisiying these tolerances. It is described schematically by the

following steps and accompanying figures.
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Step I.

Step II.

THIN PLASTIC
SECTION

j H20

BLOCK

KNIFE }

CRYSTAL

KNIFE

%:.._,

Step III.

ETHYLENE
DICHLORIDE

\-‘a<—J

BLOCK

Step IV.

CRYSTAL

/

H,0

/

Carve a small nipple out of a
methacrylate block with a sharp
razor blade. A nipple # mm in

diameter is adequate.

Mount the methacrylate block into
an adjustable chuck (to be described
below; see Figure 7) which fits the
microtome. Shave off 10 to 20 u of
the plastic with a diamond knife to
make an optically polished face

parallel to the cutting plane.

Remove the chuck from the micro-
tome. Glue the desired, natural,
developed face onto the optically
polished nipple face by applying a
few microliters of ethylene di-
chloride, It is possible to do this
and maintain the crystal face
parallel within 1° of the meth-

acrylate face.

Remount the chuck onto the micro-
tome. The crystal face is now
parallel to the cutting edge. Shave
off 10 to 20 u of the crystal; this
leaves an optically polished face

on the crystal,
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Step V.

RAZOR BLADE

J

CRYSTAL
~—>

METHACRYLATE /
SOLUTION
\/’ d

" « QUARTZ

METHACRYLATE
Py

STAINLESS STEEL

CHUCK

L !

Step VII.

THIN FILM

KNIFE j

THIN SECTION

Step VI,

Remove the chuck and carefully

cut the crystal loose from the
methacrylate block with a sharp
razor blade., Cover the crystal with
the polished face up. The crystal
should be ~ 75 b thick at this stage
in order to avoid straining the pol-
ished face while removing it from

the methacrylate block.

Insert a stainless steel-methacrylate
rod into the chuck, which has a quartz
block mounted on it. The nipple end
of the quartz block is covered with a

5 player of ultraviolet ''transparent'
methacrylate by pipetting several
microliters of a dilute solution of the

polymethacrylate.

Shave 1 to 2 p off the 5 u plastic
film with the microtome in order to
define a plane on the film which is
parallel to the cutting plane. Care
must be taken to align the quartz
block in order to avoid grinding the
quartz while polishing the thin

methacrylate film.
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Step VIII. Mount the previously polished

CoH, Cl,
THIN

e, HETHACRYLATE
FILM

QUARTZ

Step IX.

f CRYSTAL

PLANE POLAnle\DW—[

QUARTZ v

KNIFE

LIGHT f_[]._f o
% H,0
2

crystal face onto the polished thin
film of methacrylate by applying

a microliter of ethylene dichloride
at the interface of the crystal and

plastic.

Grind the crystal down to the
desired thickness with the micro-
tome. For the highly birefringent
materials used in this work, inter -
ference colors appear when the
crystal is 10 p thick. Keep these
colors uniform while grinding by
adjusting the cutting angle with

the chuck.
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Plane polarized, white light is reflected off the face of the
stainless steel-methacfylate rod which holds the quartz block. The
light becomes elliptically polarized in passing through the crystal. The
plane of polarization is perpendicular to the rod axis. With a crossed
polaroid the interference colors of the crystal are observed. Figure 7
illustrates the optical system. These interference colors are observed
during the process of grinding (3tep IX) in situs with the apparatus
depicted in Figure 8.

An adjustable chuck was built to move the block through small
angles. Figure 7 is a sketch of the chuck. A collar attaches the main
axis of the chuck to the ball joint of the: tmicrotome arm. A second
cellar cinches the cutting block into the chuck. Two, large-head screws
fit 90°® apart on the second collar. The outer perimeters of the screw
heads are marked off every 3.6 degrees. The pitch of the screws is
32 turns/inch; the screws are set 1-7/52 inches out from the center of
the chuck. These screws work against two other screws (springs were
unsucceasful) to adjust the inclination of the cutting block with respect
to the cutting edge of the knife. In principle, a displacement as small
as 26" of an arc can be resolved, but due to backlash, a practical limit
is about 1' of an arc.

The entire assembly of the grinding apparatus is shown in the
photograph in Figure 8. The microtome advancement is controlled

manually by the handle to the right of the gear box. The mounting plate
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O\

Front View

< %NQB_)

YWIN

Side View

Figure 7. Chuck used for orienting crystals with respect to the
cutting knife.
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Figure 8. The total assembly of the apparatus
used for grinding crystals. The diamond, not visible
here, is mounted in the trough directly below the
quartz block attached to the adjustable chuck. See
text on pages 40 and 43 for general description.
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for the knife holder is fixed while the microtome arm is advanced.

The adjustable chuck is mounted on the microtome arm. The stainless
steel-methacrylate-gquartz cutting block is mounted in the chuck. The
light source above the cutting rod is covered with a polaroid filter. A
2. 5X power ‘binocular was used to observe the crystal and the inter=-
ference colors; the analyzer was usually held just in {ront of the
binoculars.

A deteiled discussion of the various steps carried out in the pre=-
paration of these thin crystal sections is found below. Following this
discussion there appear some comments on the limitation of the pro-
cedure and a derivation of the absorption beha\n'.or: for an optical wedge.

A methacrylate block is glued to a brass rod by wetting the
block with 1, 2-dichloroethane. With a sharp razor blade 2 small
nipple of about 0.5 mm in diameter is carved at the end of the block.

A face is developed on the nipple by cutting off 10 p to 20 p of the plastic
with the microtome. A particular crystal face is then placed onto the
polished face of the methacrylate. A few microliters of ethylene di-
chloride is added by touching the plastic edge with a small capillary.
The solvent flows around the crystal and dries within 2 minute. In

this manner the crystal is fixed to the plastic block with the crystal
face parallel to the polished plastic face. About 10 u to 20 u of the
crystal is cut off with T i to iu. sections per slice in order to insure

8

an optically polished face free of iractures or cleavages. A trough,
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to which the diamond knife ig atitached, is filled with water up to the
cutting edge of the kanife. The sections which are taken off of the
crystal float onto the water and disselve., With each slice then, the
crystal face is left clean. It is important, however, that the knife edge
be cleaned with a soft, wooden stick about every twenty sections, for
crystal grains will pile up on the knife edge and leave a scratched face
on the crystal. The knife must also be free of small dirt particles
which can mar the face with fine streaks. When an optical polish on
one face has been achieved, the crystal is thren carefully cut off the
methacrylate block by siroking along the polished, plastic face with a
sharp razor blade. In order to avoid strain or damage to the crystal's
polished face, the crystal should be at least 75 u thick. The crystal
is transferred to a dirt frece microscope slide with 2 tungsten pick.
The polished face is placed upwards and the crystal is covered,

A stainless steel rod with its end cut 45° with respect to the
rod axis is fixed to a2 methacrylate cylinder. ©One face of the meth-
acrylate is ground to an angle of 45°* with reapect to its rod axis by
a sander. The plastic is glued to the steel rod by wetting the plastic
face with ethylene dichloride. The front face of the plastic is sanded
to a flat surface near perpendicular to the rod axis. A cylindrical,
brass block with a hole machined to clear the plastic by a few thou-
sandths of an inch is used for grinding a flat suriace on the front face

of the plastic. The methacrylate-stainless steel rod is slipped into the
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brass block to maintain a fixed orientation while grinding the plastic
on an optically flat piece of glass with levigated 2alumina. The method
insures a flat suriace perpendicular to the rod axis,

A fused quartz block, with an optically polished face, is then
mounted onto the flat surface of the methacrylate with 2 small amount
of ethylene dichloride. Under crossed polarizers the guartz has no
detectable strains. The cylindrical quartz block is 4 mm in diameter
ai the base. he front face, a small nipple 0.5 mm in diameter, is
parallel to the base and has a grainy polish of several microns. The
block is 3 mam thick. The total assembly is shown in the side view in
Figure 7.

A thin film of methacrylate coats the front face of the quartz.
This film is a specially prepared, ultraviolet transparent polymer.
Met‘z&ylmethacrylate and n-butylmethacrylate monomers were distilled
at about 40°C under reduced pressure. A 7.2 molar ratio of methyl-
methacrylate to n-butylmethacrylate was heat polymerized for 24 hours
at 65° after initiation with an HE5 A 3 G.E. mercury arc. The abseﬁce
of an aromatic catalyst such as benzoyl peroxide is necessary. Other-
wise the plastic will have intolerable ultraviolet absorption. 30.4 mg
of the polymer were dissolved in 10 ml of 1, Z-dichloroethane, spectro
grade Lot No. 34 from Eastman CUrganic Chernicals. A unifiorm layer
of the solution was spread on a guartz coverslip to give a plastic film

of about 10 p. The solution evaporated and the {dlm was pumped on with



46

a fore-pump for an hour. The absorption spectra of the film was
recorded with a Cary Model 14 Spectirophotometer. An absorption
maximum at 215 miu with an absorbance 0.71 was obtained., Above 240
mit the absorbance fell below .04 units. The spectrum agreed well with
the literature value (29). A 5 u layer contributes about 0.2 absorbance
units 2t 230 mu. 1.5 microliters of the methacrylate sclution pipeited
onto the nipple of the quartz block forms a 5 B layer in good optical
contact with the quartz. The refractive indices are close matching in
the visible, but in the ultraviolet, undoubtedly, some reflections occur
at the interface of the two materials. A reasonable esﬂmgte isa l1.5%
loss in the intensity of a ray traveling from plastic into guartz.

When the methacrylate layer has dried, the assembly is mounted
on the microtome and aligned by eye with respect to the knife edge.
The diamond knife is set near the front face of the guartz. At 0.1 p
intervals the guartz assembly is slowly advanced until the {irst segment
of plastic comes off the guartz nipple. Usually another 5 to 10 sectons
are taken. Sometimes the alignment is so poor that an edge of the
guartz nipple is ground. With angular adjustrments fixed, the chuck is
removed from the microtome arm. The optically polished face of the
crystal is placed on the polished methacrylate film. Care was taken
to set an extinction direction of the crystal at approximately 45° with

respect to a line colinear with the stainless steel face. The crystal
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was fixed to the gquartz block with a small drop of spectro quality

1,2 —dichloroethane. After drying, the crystal was sectionéd every
1/4 4 to 1/8 p per slice. With polarized light optical wedge effects
can be readily seen and progressively correcied with the adjustable
chuck. As the crystal becomes thinner, the microtome intervals are
reduced to 1/40 u increments. The thickness can be followed down to
a corresponding retardation of about 25 mp. DBelow that, one must
simply count the number of sections taken. When the cryustal is about
1 p thick, sectioning is very critical. By this time it is very important
that the crystal is aligned and that the sectioning is done at a constant
rate. If a rhythm is not established, back-lash in the gears of the
microtome will cause the arm to advance too far, and this will destroy
the crystal. One must learn f{o cbserve the interference colors while
the crystal moves across the field of view.

‘ When the crystal has been ground to a desirable thickness, the
guartz block is removed from the methacrylate rod with a razor blade.
1t is often helpful to soften the methacrylate block with ethylene di-
chloride. The softening must be done with caution; ethylene dichloride
vapors can soften the thin methacrylate film on the nipple and thus
shatter the crystal. The thick guartz base provides absorption ior any
shock or strain which the crystal would otherwise suifer in its removal
from the cutting block. A tight-fitting, brass sleeve provides support

for the quartz block when placed over an aperture.



48

The larger the birefringence of the crystal, the more accur-~
ately one can cut the crystal to a desired thickness. If the bire-
fringence is less than .02 the technique is of marginal use for thick-
nesses less than 0.% u. One would probably have te set up an elaborate
optical system and follow reflected interference £r%nges in order to
take the crystal to thinner sections with confidence. Ultraviolet absorb-
ing crystals which have interesting dichroism, however, usualiy have
a birefringence larger than .02. A low birefringence poses another
problem. OCpiical wedges can then only be observed for relatively
large angles. For a typical cross-section of 0. 15 mm the smallest
angle which can be observed for a birefringence of .02 is .007 radians.

The problem of absorption for an optical wedge over a circular
aperture is treated in the following way. The crystal is oriented so
that the planer of polarizaticn is coincident with a principal direction.
The angle of the wedge is & and the thicknesS t=t +orcos ¢ where

t is the crystal thickness at the center of the aperture.
o

a 2m -K{t + o r cos 2)
o o S
e rd Odr

1

na

where a is the radius of the aperture.

Kt 20 I(Kv a)

Thenl/l = e
R Kva
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ZII(KO: a)

or A = A -loglo

CB3 real Ker a

Il is an imaginary Bessel function of the first kind. X(\) is an absorp-
tivity constant in cmﬁl. Cne can approximate ¥ from the absorbance
measurement and then calculate the correction term. The angle o

may be determined by measuaring retardations at two different places

2.11(1;( & a)
on the crystal. Figure 9 is a plot of loglo ———emee— a3 a function of

Koa

Kova., For Koa less than unity, the correction is less than .05
absorbance units. K is usually no more than 5 ¥ 105 and a typical
aperture radius is 2.5 X 10_3 cm. Thus an angle less than 0,001
radians ia tolerable. For strong absorption, therefore, the crystal
faces should be parallel to within 4' of arc.

All three crystals studied in this work are layer structures.
The cleavage planes are always well-defined and cutting along the
cleavage face poses no problem. l1-Methylthymine has no natural face
perpendicular to the cleavage plane, Since the diamond knife in its
present mounting is staticnary, it was not possible to cut l1-methyl-
thymine perpendicular to the (102) plane. The 9-methyladenine
molecules are coplanar with (001), but the {010} form was 50 poorly
developed that the crystal could not be mounted on the (010) face.
The Hoogsteen dimer, however, does have well developed {001} and

{100} forms, both of which are perpendicular to the plane of molecular

layers. The crystal could be cut along the (100) to a section as thin
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as 1 p without cleaving. This thickness was sufficient for the spectra
reported here.

The crystal sectioning technique described above takes full
advantage of the high birefringence which these purines and pyrimidines
have. For the general problem of sectioning soft organic crystals,
the optical system would have to be improved. Reilecied light from
the diamond knife and from the crystal face can provide for long,
optical lever arms which are needed for accurate cutting orientations.
A rotatable knife would eliminate the present necessity of having to
polish a nataral crystal face. I do feel, however, that with a sharp
diamond knife and 2 microtome which has a smeall advance increment,

one can cut soft organic crystals to thicknesses of the order of 0.1 .
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OPTICAL PROPERTIES OF CRYSTALS

AND CRYSTALLOGRAPHIC DATA

The refractive indices of the crystals were determined by oil
immersion. A student model ILeitz polarizing microscope was used
for the measurements. A sodium D line source was simulated with a
589 mu interference filter and a Corning glass filter, No. 3480, placed
together in front of a tungsten light source. The immersion oils v-vere
calibrateci with an Abbe refractometer. The indices for high refrac-
tive index oils were determined by the method of minimum deviation.
2V measurements wer e made with a Leitz universal stage. In the case
of 9-methyladenine the 2V angle was estimated from conoscopic cbser-
vation of a Bxa figure.

For the Hoogsteén dimer, assignment of the indicatrix to the
crystallographic axes was made with 2 Weissenberg photograph. For
l-rnethylthymine the b-axis assignment was verified with a Weissen-
berg photograph. The b-axis of 9-methyladenine was assigned irom
morphology and from the pronounced horizontal dispersion.

The optical proverties of the three crystals are listed below.

A. l-methylthymine

NY = 1.660 + .002 Y=b Opt(-)

NzZ = 1.7¢62 + .00z Dispersion r < v, inclined
2V = 59.0° +0.2°

NX = 1.428 (calculated)
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B. J-methyladenine
NZ = 1.880 + .00z
NY = 1.783 + .002
2y = B5*°

NX = 1.53 (calculated)

C. Hoogsteen Dimer
NX = 1.448 + .001
NY = 1.74¢€ + . 001
NZ = 1,783 + . 001

2V =34.0° +0.6°

Z=b Cot(-)

Dispersion r < v, strong,
horizontal

¥=b OCpt(-)
Dispersion r < v, crossed
Zha = 25.4 + 0.4

B= 106° + 1°

The crystal structures of l-methylthymine and the Hoogsteen

dirner have been determined (10). The space group and unit-cell

dimensions for 9-methyladenine have been reported (11), but the crystal

structure has not been determined. Crystallographic data of the three

crystals are tabulated below.

1-methylthymine (10)

a=7.351 +.004
b=12.091+ .006
c=7.602+ .004
g = 89° 58' + 3'

Space group: E‘a‘l[c
p = 1.381 g/cms

z =4

9-raethyladenine (11)
a=7.67+.03

b=12.24+ .04

c = 8,47 + .03
£ =123° 26' + 10

Space group: P2 /c
pace g .

1.471 g/cm3

hel
i

z =4



W
[

Hoogsteen dimexr (10)

B
1}

8.304 + .002

b=6.552+ .002

aton

(9}
i)

12.837 + .003

il

10c® 50' + 3¢

Space group: Fe, or Pf.l/m

1.433 g/cm3

o
#



SCLUTION sPECTRA AND CSCILLATCR STRENGTHS

g )

"he solution spectra of lemethylthymine and 9-methyladenine
were recorded on a Cary Model 14 spectrophotometer. Both compounds,
once recrystallized from water and dried under vacuurn, were assumed
to be pure and dry. The molar abeorptivities were calculated; the
results are shown in Figure 10. An equimolar mixture of the purine
and pyrimidine were also recorded. This spectrum, also shown in
Figure 10, i3 th.e sum of the corresponding absorptivities of l-methyl-
thymine and 9-methyladenine. For all solutiens the pH was about 6.

For both l-methylthymine and 9-methyladenine the respective
gpectra appear to consist of two bands. For l-rmmethylthymine the first
band has A = 273 my, the second band has A = 207 mu and the

max max

minimum occurs at i whm = 238 mu. For 9-methyladenine the {irst
rn

band has ) = 261 my, the second band has A = 205 mpe and
i max max

the minimu occurs ath , = 228 mu .
min

The oscillator strengths for the several absorption bands were

-9 y
determined by the formula { = 4.33 ¥ 10 r adv (22)

-1 -1 . .
where a is in 1 - mole c om .or base 10 units

-1
and visincm .

For the second absorption bands, the area under the red side was deter-

mined and then doubled. The oscillator strengths are listed below.



.56

‘exjoads uoyniog

01 @an814

(,01 - wd)z
00’'S oe'vy 09t or'tv o2y . 00 08¢ 09'¢ or'e DeE
_ _ _ _ T _ T _ T T
—1020
<0¢%'0
1090
—4080
10071
02
g (, 01 wd. sjow.|)p o]
10971
70871
5 s S o L
sutuaperfyiewi-4 ¢ eee
(rfw)y sutwdyilyowr-1 v |
On_um o__N _ ON.N ) Omm _ OL__NN _ Ome Powm : o.ﬂum : omw_o_mw_on_um_o“m,




57

l-methylthymine 3-methyladenine

X 273 mu 207 mp 261 mp 205 mp
max

f 0. 19 0.28 0.28 0.52



POLARIZED ABSORFTION SFECTRA OF TEE SINGLE CRYSTALS

The crystal absorption spectra are presented in this section,
For each substance the final results were obtained by averaging of
data from several specimens of different thicknesses. Itis important
to record the details of the experiments so that the critical reader can
evaluate their reliability and overall consistency. Corrections for
reflections, eccentricity of the polarized light, convergence of the
light beam, and photodammage to the crystal must be considered.

In the interest of clarity, ‘fer each substance below, cur finzal
conclusions as to the absorption spectra of the crystal are first pre-
sented. This is followed by a discussion of the experimental details

and the correcticons.

1-Methylthymine. The crystal absorption spectra in the (102) plane

of l-methylthymine are shown in Figure 11; the molar absorptivities
are listed in Table II. One recalls that (102) is the plane of the molec~
ular layers.

The first transmission data for l-methylthymine were obtained
from a naturally grown, thin plate. The prominent face was the (102)
asz determined from a conoscopic observaticon.,. The molecules lie

coplanar to one another in the (102) plane. The crosse-sectional
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TABLE II. Molar Absorptivities of 1-Methylthymine in the (102) Plane

A(ron) a'b allv Dichroic
(rrmole e em ™t 10°% (1 mote™ i en b0 Yy Rt

305 2.2+ 0.8 0.1+ .09 22 + 28

300 6.7 + 1.7 .27 +.10 z5 + 16

295 9.8 + 2.4 0.62 + .12 15.8 + 6.9

290 12.9 + 3.0 1,05 + . 16 12.3 + 4.7

285 14.9 + 3.4 1.3 +.2 11.5 + 4.4

280 17,1+ 3.8 1L.6+.2 10.7 + 3.7

2i5 17.7 + 4.0 L7+.2 10.4 + 3.6

270 17.4 + 3.9 l.6+.2 10.9 + 4.1

265 14.8 + 3.4 led#.2 10.6 + 3.9

260 11.8 + 2.8 1.3+.2

255 9.0 + 2.2 L.3+.2

250 7.2+ 1.8 Ld+.2 il

245 5.8 + 1.6 2ol k.2 b Z e

240 .4+ 1.3 3.4+ .3

235 3.0+ 1.6 7.3+ 2.0
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dimensions of the crystal were 0.2 mm X 0.2 ram. Unfortunately,
the retarcation was not measured until after the transmission measure-
rnents were made. During the course of the measurements consider -
able photodamage of the crystal took place. The damage was detected
when the crystal was observed under crossed polarizers with white
light. A dark region, the size of the aperture, of much lower retarda-
tion than the rest of the crystal wa-s evident. The retardation measure-
ments, therefore, were not characteristic for a2 crystal of l-methyl-
thymine. The p};y sical thickness of the crirstal was regarded as too
uncertain for molar absorptivity calculations,

The nature of the photodamage is probably the formation of
l-methylthymine dimers (30). It has been suggested that the 5, ¢ double
bond cpens and forms a cyclobutane ring with a near neighbor 5,6

double bond (31)., The mclecular orientations are favorable for the

I'}’j

dimerization reaction. (3ee Fig. 18, molecules Nos. 1 and 3.) The
effect of saturating the 5,0 double bond is toc remove the first ultra-
violet absorption band from thymine. Hence, photodamage will cause
an increase in transmission of the crystal over the first ultraviolet
band. To the extent that there is photodimerization taking place during
a measurement, calculated moia.r absorptivities will be low.

The general features of the spectra were useful. The weak

absorption is along the b-axis and it reached 2 maximum at 275 mp to

270 mu.  Perpendicular to the be-axis the absorption rose very rapidly



f o
i

from 305 mp down t0 295 mp . From 295 mu to 255 mu the absorbance
flattened cut to a plateau of about 5 absorbance units. At 240 my the
two directicns crossed. The dichroic ratio at 295 mu was about ten.
The section was evidently too thick for absorption in the strong direc-
tion.

More quantitative spectra were obtained from ground sec-
tions of l-rmethylthymine. For the absorption perpendicular to the
be-axis in the (102) plane, a crystal was cuttc 0.1 4 . The retardation
was measared before transmission measurementis were made. The
calculated thickness was 0. 10 i 0.02p. The maximum at 275 mu was
1.72 absorbance units. Along the b-axis the absprbance was too weak
for reliable measurements (0. 15 at 270 mu). At 241 my the absorbances
of the two directions cross., After transmissions were made the retarda-
tion had fallen about 30%. Although care was taken to make the transe-
migsion measurement as rapidly as possible, some photocdamage had
evidently occurred. Thus some uncertainty is introduced into the
absorption spectrum; the magnitude of the error iz hard to assé»*s.

Another l-methylthymine crystal was cut in the (102) plane
to a thickness of 0.5 u . From the retardation measurement, the
thickness was calculated to be 0.47 + .03 . The transmission was
measured along the b-axis, but not in the direction perpendicular to
the be-axis. The maximurm cof the first absorption band was at 275 my;

the absorption started rising strongly into a second band at 240 mp.
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At the conclusion of the experiment there was no measurable decrease
in retardation. The raw absorbances for the two diiferent sections
are listed in Table III. These date are uncorrected for reflections off
the crystal face, but a base correction from.the edge of the abszorption
curve was made. The reported errors are based on the accuracy of
the intensity measurements.

The reflection coefficients for l-methylthymine in the
region of the measured absorption were calculated by an IBM 7090
computer. The Drude theory for an optical electron was assumed.
The full dispersion formula was approximated with two terms. For the
first term the measured absorption band was used; the oscillator
strength and position of the second ultraviolet abserption band were
taken from sclution. By fitting the calculated refractive index to the
measured value at 589 my, a reiterative procedure was used until a
consistent set of refractive indices was computed. The general theory
and details of the calculation are found in Appendix. A. The calculated
reflection spectra along the b-axis and perpendicular to the b-axis ofi
the (102) face are shown in Figure 12. The computed refractive indices
and reflection.caafficients are found in Appendix A. The input data
are also listed in Appendix 4.

For reflection corrections of the raw absorbance data, it
was assumed that the back crystal face was in good optical contact

with the methacrylate film. Reflections off the film are small compared
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TABLE III. Raw Absorbance Data for 1-Methylthymine

A(mu) t=0.10+.02u t=0.49 + .03 p
A'b Alb Allb
320 0 0 0
315 0 0
310 0.05 + .04 0 0
305 0,23 +. 04 g,05 * .04
300 0.68i.04 0.08;!-_ 04 0 131.0-—&
295 0.98 + .04 0.30 + .04
290 1.284 .04  0.12+.04  0.51+,04
285 1.47 + .04 0.65 + .04
280 1.68 .04  0.134+.04  0.77 +.04
275 1o 72 +* .04 0. 841 . 04
270 1.68+.04  0.15+.04  0.77 + .04
265 1.41 s . 04 0.13 * . 04 0.73 x . 04
260 1.11+.04  0.094+.0%  0.64+ .04
z55 0.84 + .04 0.08 + .04 0.641,04
250 0.66+.04  0.07+.04  0.68+ .04
245 0.52:-_.04 0.15:.04 1.0;1.04
240 0.38+ .04  0.51+.04  1.66+ .05
235 0.24+.06  0.72+.06 >2.5
230 0.7 >1,6




€6

to the established error of .04 absorbance units. Thus only reflections
off the front face of the crystal were considered. Along the b-axis

the correction was negligible; perpendicular to the b-axis the correction
amounted to .05 absorbance units at the most.

With the raw absorbance corrected for reflections, molar
absorptivities were calculated. The density of l-methylthymine is
reported with the crystal structure determination (10). Table II is
a tabulation of the calcalated values with errors based on the accuracy
of intensity measurements, on the birefringence uncertainty, and on
the reproducibility of retardation measurements. The weak absorp-
Hon values were calculated from the thicker of the two sections,

Figure 11 is a plot of the absorptivities as a function of wavelength
and wave number. The errors are not shown. The slightly saw-
toothed shape of the strong absorption curve may reflect the photo-

damage which took place during the measurements.

9-Methyladenine. The crystal absorption spectra of 9-methyladenine

in the (001) plane are shown in Figure 13 and Table IV. Although the
crystal struacture of ?-methyladenine has not been determined, its

unit cell dimensions have been reported (11). The x-ray diffraction
data also suggest that the crystal is a layer structure with the molecules
lying in the (001) plane (12). The crystals do have a pronounced cleav-

age plane (001).
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TABLE IV. Molar Absorptivities for 9-Methyladenine in the (001)

Plane
A(rau) a'lb alb Dichroic
(b asole”™ sam 1)  {l-gole en ajo™P) Rade
300 0 0
295 0.9 % .4 0.20 + .08 4.9+ 3.9
290 . 7.0+ 1.3 le2 + 8,2 .7 4 13
285 14.9 4 2.5 2.9+ 0.3 5.0+ 0.5
280 18.5% 3.1 3.6 4 0.4 5.1+0.4
z75 21.0 4 3.4 4.7 + 0.5 4.5+ 0.3
270 19.84 3.3 4.9+ 0.6
265 17.14 2.8 4.7 + 0.5
260 14,8 + 2.4 . 4.5+ 0.5
255 11,7 4 2.1 4.1+ 0.6
250 8.8 % 1.6 3.8 % B.5
245 fo B % 1o 3 3.9+ 0.5
240 4.5+ 1.3 4.2+ 0.9
235 I 2% 0.7 5.0 + 1.0
2390 3.2% 0.7 Tsb * 1.4

A 9-methyladenine crystal was ground to a thin section in the

(001) plane. The thickness, determined from the retardation measure-
ments, was .16 + .03 n. There was no evidence of photodamage
during the transmission measurements. The direction of strong ab-
sorption was al_cmg the b-axis with a maximum at 275 mu. Along the
a=axis the absorption reached 2 maximuam at about 270 mp and remained

relatively flat to 240 mu. Below 240 mu the a-axis becomes the direction
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of strong absorption., At 240 mp the two absorption curves cross.
In order to measure the absorption along the a-axis with greater
accuracy, a thicker section of the (001) plane was prepared.. The
second sample had a thickness of 0.61 + .05 u. The agreement with
the thinner secdon was reasonable. Table V i3 a tabulation of the

raw absorbance data uncorrected for reflections.

TABLE V. Raw Absorbance Data for 9-Methyladenine

A v t=0.16+ .03 4 t=0.614+ .05

A'bp Alb ATE Alb
320 0
315 0
310 0 0
305 0 0
300 .03 + .04 ¢
Z95 .18 + .04 0.82 + .04 .12 + .04
290 1.17 + .04 20 + .04 .68 + .04 AT + .04
285 2.45 % .04 .48 + ,04 1.90 + .04
280 3.03 + .04 .59 + .04 2.15 + .04
278 3.41+ .04 .16+ .04 2.85 + . 0%
&40 3.21+ .04 4+ .04 2.97 + .04
165 2. 6+ .04 i3+ .03 2.90 + .04
260 £.37 + .04 LTl 4+ ,04 2.78 + .04
255 1.85 + .04 .59 + .04 2.61+ .04
250 1.39 + 0.4 .50 + .04 2.50 + .04
245 1.01 + .04 .54 +,04 2.63 + .04
240 0.69+ .04  .68%.04 ~3.0
235 0.47 + .04 .80 + .04
230 0.48 + .04 1.22 + .04
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Reflection spectra off the {001} face were calculated in the
same manner for 9-methyladenine as for 1l-methylthymine. The input
data and compuied refractive indices and reflection coefficients are
listed in Appendix A. The calculated reflection spectra are shown in
Figure 14.

The appropriate reflection corrections were made in the same
manner as for l-methylthymine. Molar absorptivities were then com=
puted. The density of the crystal is reported with the unit cell dimen-
sions (11). Table IV is & tabulation of the results. The errors are
based on the thickness uncertainty and on the limited accuracy of
intensity measurements. The absorbances near the maximum of tﬁe
strong absorption band may have been low due to the small out of plane
cor; onent of the polarized light. At the worst they are low by 0.2
absorbance units. (Sce section on the microspectrophotometer.) The
weak absorption band was averaged from the a2bsorption measurements
of the two different thicknesses. Figure 13 is a plot of the molar

absorptivities as a function of wavelength and of wavenumber.

Hoogsteen Dimer. The hydrogen bonded complex of l1-methylthymine

and 9-methyladenine lies in the (010) plane. Therefore, the symmetry
(b) axis of the monoclinic crystal is perpendicular to the molecular
planes.

The absorption spectrum ior the light polarized along the

beaxis is recorded on page 80a.



*outusperdyjaui-¢4 jo (100) 2w 130 exyoeds uonooTya1 pajeMITED *$1 2andig

71

(yOl-,_Wwo)2
ov'v 02w 00t 08¢ 09'¢e ov'e oce
T T T T T | | 4
“ov
108
14%
To0°2i
-10°91
?\E;\ -10°02
oce ove 0s2 092 022 082 062 00 0Olg 02¢
1 | 1 1 1 1 | 1 1 | 1 | Y AN N M D [ (|




('

The spectral data for light polarized in the molecular plane
are necessarily more complicated than was the case for l-methylihy-
mine or 9-methyladenine crysials. Both l-methylthymine and 9-
methyladenine are monoclinic, but in each case the b-axis lies in the
plane of the molecules, Therefore, for 1-methylthymine and 9-
methyladenine, for light polarized in the plane of the molecules, the
b-axis is a principal dircction and the absorptivity ellipsocid has its
principal directions parallel and perpendicular te b, However, for the
Hoogsteen dirmer the orientation of the absorptivity ellipscid is not
fixed by crystallographic symmetry and in fact can and dces vary
with wavelength. The experimenter must determine both the orientation
of the principal axes with respect to a crystal face and the magnitudes
of the absorbances zlong the principal axes.

If © is the angle between a crystal face and the electric vector
of the incident light and ¢ is the angle between the same crystal face

and a principal axis, then the transmission is

-t -4

£ 4 sina (¢ -7) 10 :

”Io s cos” (¢-") 10

where Al and A are the absorbances zlong the two respective prin-

2
cipal axes. From measurements of I/IO as a function of ¢, the quan-
tities “A“l' AZ' and 7 as a functon of wavelength have been determined

by a least squares analysis. (See Appendix B.) The results are pre-

sented in Table VI.
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TABLE VI. Molar Absorptivities of Principal Directions and Position
Angles for the Hoogsteen Dimer

t=0.22+ .07 @

A amax + 1073 1 Armin + 1073 2 Dichroic
(row) (1- mole=l. cm™) (1 csolel. el (degrees) Ratios
230 1.6 + 4.5 3.6+ 1.5 91.9 + 1.1 3.2
2 9.3 + 5,2 3.9+ 2.5 92.2 + 5.2 2.4
240 76+ 3.0 4.8+ 2.0 83.4+ 2.9 1.6
245 7.4+ 2.6 5.9+ 2.2 28.8 + 4.0 1.24
250 9.4 + 3.2 5.5+ 1.8 14.2 + 0.6 1,7
255 12.0 + 4.3 5.7 + 2.2 10,4 + 1.1 2.1
260 13.4 + 4.6 6.112.2 12.2:-1.1 2e 2
265 14.6 + 4.9 .24 2.5 1.0 + 0.6 2.0
270 15.9 + 5.8 8.8+ 3.3 9.1+ 1.7 1.8
275 15.4 + 5.1 9.9 + 3.2 7.3+ 0.6 1. 55
280 14,2 + 4. 8 9.6 % 3.2 6.0+ 1.1 1. 4g
285 11.6 + 4.0 8.4+ 2.9 6.2+ 1.7 1.3,
290 10,0+ 3.5 7.5+ 2.8 4.4 4 2.9 1.3,
295 8.1+2.8 5.9+ 2.0 7.8 + 1.1 1.34
300 4.0+ 1.6 3.2+ 1.4 -29.4 4 9.4 Lt
305 2.1+ 0.8 1.2+ 0.5 -12.6 + 2.3 1.1
t=0.494¢ .05

240 11.9 + 1.6 10.8 + 1,4 96.9 + 5.0 Lol
295 7.9%0.8 7.6+ 0.8 16.6 + £.0 1.05
300 3.010.6 2.310.4 -54.7 + 5.2 1.35

NCTA BENE: The data for 240 mp was in very poor agreement for the
two sections analyzed. Itis hard to understand why the
dichroism for the thick section is much smmaller than for
the thin section. The transmission near the direction for
strong absorption may have been too high for the thick
section, although this seems unlikely. These data repre-
sent the largest discrepancy encountered in all the crystal
measurements presented in this work.



TABLE VI (continued)

NCTA BENE (continued):

The data for 240 mu from the 0.49 i section were scaled
down to fit smoothly into the three dirmensional model,
Values chosen were:

a_ _=7.6x10°, & =6.9x10°, 8 =96+5.

max min

Compared to l-methylthymine and 3-methyladenine, the Hoog-
steen dimer is not very dichroic in the molecular plane. It should be
realized that the more isotropic the absorption (that is, the closer
AZ/AI is to unity), the less accurate is the determination of the angle
€. A sketch of a three dimensional model representing the absorption
surface is shown in Figure 15, The structure was built around a
cylindrical coordinate system. FEach plate, perpendicular to the
cylindrical axis, corresponds to a different wavelength., The wave-
length, in 5 mp increments, runs from 300 mp to 230 mp down the
cylindrical axis. The radial coordinate represents absorption and the
angular coordinate is defined in the manner described below. The
struts, running down the sides of the model, follow the principal
directions; one pair corresponds to the larger axis and the other pair
to the smaller axis,

The preparation of a thin crystal in the (010) plane was a dif=

ficult task because the birefringence is only .037. When the crystal



75

Figure 15.

Three dimensional model
of polarized absorption
in the {010) of the Hoog-
steen dimer.

/4

Il
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was less than 1 1, the interference colors could no longer be detécted.
Of several sections prepared only one was thin enough (0.22 1) for a
complete determination of the absorption. Two other sections of
thicknesses 0.49 ypand 0.55 u were useful in confirming the toe-
absorption. near 300 mp and the absorption near 240 mp. There was
no evidence of photodamage during the course of the transmission
measurements. The (010) plane, perpendicular to the b-axis, has no
principal directions fixed by crystallographic symmetry. Hence, the
transmissions were measured by rotating the crystal at increments of
30° with respect to the electric vector of the polarized light. The
crystal was rotated through a total angle of 240° for each wavelength,
The angular dependence of the transmission is understood if one con-
siders the absorption of light arising from twe independent rays polar=
ized along the two principal directions. The electric vector projects
its amplitude along the two principal directions, which have character-
istic cross-sections. The amplitude components are then attenuated
exponentially as the rays proceed through the crystal. If o is the
angle between an arbitrary line on the crystal and the electric vector,

then the angular dependence of the absorption is
A = -log,, (? cos 2+ + vy sin 20+ 8)

for which the three parameters, 2, v and §, determine the respective
cross-sections of the two principal directions and the position of the

principal directions in the crystal.



v/2 = tan 2° where " is the angle between a line on the crystal

and one of the principal directions. The absorbance A i along the

£ cos 20 - B,

principal direction P = and .or the other

is Al = -Ioglo (

1 cos
S : , - & cos 29 + . y
principal direction, PZ' AZ = —loglo ( = —B—} . (3ee Appe:dix B.)

- The dichroism for the first absorption band was never more
than two. The reflections off the {010} face, therefore, are isotropic
within the accuracy cf a transmission measurement. To the extent that
reflections are the same for all directions, the above angular dependence
of absorbance is independent of reflections. The raw absorbance data
were fitted to the above equation by a least sguares analysis, An IBM
7090 computer was used for the computations. The general theory and
derivations for the analysis are in Appendix B.

The isotropic absorption of the (010) face was determined by
removing the polarizer. Rotation of the crystal did not change the
transmitted signal. From the isotropic absorption a set of '"mean"
reflection coefficients for the (010) face were computed. 3ince the
dichroism is small, such a treatmentis justified. MNevertheless, there
is a slight weighting towards the smaller absorption of the two principal
directions. For the refractive index at 589 mu, the value 1. 764 =\ NxNy
was used. The input data, computed refractive indices, and reflection
coeificients are listed in Appendix A,

A plot of the isctropic absorption in the (010) plane is shown

in Figure 16. The absorbances at 240 mp and 245 mp are weighted
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with the data from a section 0.49 u thick. The points on the curve are
calculated from corrected absqrbances of the principal directions,
which were obtained from the least squares analysis. The agreement
for all wavelengths is within the standard absorbance error of .04,
The small peak at 240 mp, evident in the isotropic absorption spectrum,
may be symptomatic of a new band. Itis by no means conclusive,
however. The contour of the isotropic absorption curve is very sensi-
tive to the polarization properties of the various transitions. The
polarized spectra must be analyzed in order to understand the isctropic
absorption. The isotropic absorption curve does provide 2 aseful
confirmation of the absorbance values calculated for the principal axes.
The raw absorbance data for the polarizaton studies were
cerrected for reflactions in the usual way. The corrections amounted
at most to . 03 absorbance units. Molar absorptivities for the principal
directions were computed. The calculated least square curves were
plotted on polar coordinates in molar abasorptivity units. The angular
variable is defined as zerc along the c-axis of the crystal and increases
in a right handed sense towards the acute angle of the (010) plane. The
curves for 300 mp and 240 mu are based on measurerments from a
thiciker section (0.49 1). These curves, with the experimental points,
are found in Appendix B. The a=c plane is drawn on a polar coordinate
graph for convenience. The molar absorptivities of the principal

directions with corresponding errors and the positicn angles, ¢, with
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their calculated standard deviaticns are tabulated in Table VI. The

~

angle is {rom the c-axis to the smaller of the two principal axes.
" The absorption spectrurn along the b-axis (perpendicular to

the molecular planes) of the Hoogsteen dimer i3 shown in Figure 17.

The molar absorptivities are found in Table VII.

TABLE VII. Molar Absorptivities along the b-Axis of the Hoogsteen

Dimer
t=6.10+ .05 t=1.9.%.02p
by a(l-moleﬁl-cmtl-lﬂ-z) a(l-moleal'cm_l-lﬂ'g‘)
230 10.3 + 0.6
235 10.0 + 0.7
240 ~ 10 9.0 + 0.6
245 9.1+40.4 8.3 + 0.5
250 7.7+ 0.2 L1+ 0.5
255 6.7+ 0.2 7.5+ 0.5
260 6.0 + 0.2 6.9 4 0.5
265 5.6 + 0.2 6.2 + 0.5
270 5.4+ 0.2 5.5 + 0.5
275 5.0 + 0.3 4.6 4 0.5
280 4.1+0.2 4.0 + 0.4
285 3.4+ 0.2 3.3+ 0,4
290 3.0 4 0.1 2.7 + 0.4
295 1.6 4 0.2 1.8 + 0.4
300 0.5+ 0.1 0.7 + 0.5

305 ‘ ~ 0
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For transmission measurements along the b-axis, thatis,
perpendicular to the molecular planes, a variety of diiferent thicknesses
were used. A natural crystal of the Hoogsteen dimer with a thickness
of 96 i 2 uwas placed over a 100 u aperture with the {100} face
" incident to the light beam. A residual absorbance of .05 at 400 mp
increased lincarly to 0.11 at 310 mu . The values are a little high for
the expected reflections and probably indicate a small amount of impur~-
ity in the crystal. The thick crystal measurements, however, did
establish an upper limit of 1 to 2 molar absorptivity units for absorp-
tion between the molecular layers from 400 mp to 310 mp . At 310 mp
the absorbance perpendicular to the b-axis was 0,7¢ and rose to ~3.5
at 305 mu . The absorption parailel to the b-axis did not rise sharply
until the exciting light reached 330 mp. Itis clear from these studies
that any ne transition which is polarized perpendicular ic the puarine
ring is well inside the 7 -~ ¥ absorption bands.

Another Hoogsteen dimer was ground to a section ~ 11 p thick
in the (100) plane. The dichroism is extremely large (a_!_b/a“b = 60
to 40) in the wavelength region 300 mp to 280 mi. In determining the
dabsorption spectrun:x for light polarized perpendicular to the molecular
plane ((010)), the poséibility of an absorption contribution irom com-
ponents in the molecular planes muast be considered. Cne such contri-
bution occurs because the incident light is converging and not perfectly
parellel.

For the wavelengths from 295 mp to 280 mu the aperture on the



1:1 imaging lens was varied. The absorbance values were independent
s g 4 -3 :
of the solid angle, which varied from 6.29 % 10 steradians down to
-3 . : ' ; ;
1.1 x 10 ~ steradians. The theory for the interaction of plane polar-
ized light with an anisotropic absorbing plane is found in Appendix C.
he transmission dependence on the angle of convergence, where this

angle is small, so thattan T = 5in T= 7, i3 expressed as 2 series. Itis

8 ]

- W . n ' -
I/IO 5 o ; (-1) (2n) ! (a2 15"

nzc 2" (n+1)! (nl)z

where Ay and Az are the weak and strong absorbances, respectively,
and Nis the angle of convergence. The series converges absolutely,
and independently of the argument. To my knowledge the series is not
a tabulated function. In order to have a measurable solid angle de-

A . 5
pendence, however, AzT must be about unity. In base 10 units Az
would have to be about 100, which is far too large for the thickness
studied., From this argument it is concluded that the observed
absorbance perpendicular to the molecular layers is bonafide absorp-
tion and not some artifact due to the geometry of the system.

The absorption specirum perpendicular to the molecular planes
was sé.tisfactorily determined frovn two sections ground in the (100)
plane. Cne section was €.10 + .05 and the other was 1.97 + .02 p.
The thicker section had a2 wedge angle of . 0030 radians, but for the

50 1 aperture used, the absorbance error was not measurable. (See
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the section on crystal preparation.) Reflectons ofi the {100} face

z2long the b-axis are negligible. The calculated absorptvities for the
two samples are listed in Table VII. Figure 17 is 2 plot of the absorb=

tvities as a function of wavenumber and wavelength.

The absorption
curve is a weighted average of the two samples.
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DISCUSSION

Transition Moment Directions and Wavelength 3hifts.

1-Methylthymine. The crystal structure in the (102) plane is shown

in Figure 18. For convenience the absorption spectra from page 59
are repeated here in Figure 19,

There appears to be 2 single band from 305 mp to 265 mu
polarized mainly along the pseudo-axis p (perpendicular to b in the
(102)) with a dichvoic ratio of 11,2 + 1.0 which is constant within the
rather large experimental error. A second band with the opposite
polarization behavior begins at perhaps 265 mp and is dominant below
240 mp.

Suppose that at any one wavelength there is 2 unique direction
of absorption (the direction of the transition moment) for a given 1=
methylthymine molecu;e. We also assume there is zerc absorption in
the perpendicular direction. Information about this direction can be
obtained from the polarized, crystal absorption spectra. Molecules
(1) and (2) (see Fig. 18) are a hydrogen bonded pair which are related
to each other by a center of symmetry. Therefore, the transition
moment directions of these moleculesare the same . The orientation
of the hydrogen bonded pair, molecules (3) and (4), is obtained from

(1) and (2) by 2 reflection in a i:lane perpendicular to the b-axis. Let
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¢ be the angle which the transition moments of the 1-2 pair make with
the pseudo axis p; then -7 is the angle made by the transition moment
of the 3-4 pair. The dichroic ratio, (aiblas!b), would then be D = cotzr.:?.

The absolute angle, calculated from the weighted average of the
dichroic ratios over the first band is ¢ = 16.5° + 0.8%. The dichroic
ratios from 305 mp to 265 mp are listed in Table II. The full error
implied frorm the tabulated dichroic ratios places the transition dipole
moment from 21° to 12° on either side of the p-axis. By Tinoco's
convention (5') the transition dipcle moment direction is assigned to
either an angle of 14®* + 2° or an angle of 161® + 2°. The corresponding
directions are shown on molecule 2 in Figure 18.

The above calculétion assumes that for any one molecule there
is a unique direction of absorption with an infinite dichroic ratic. This
is expected theoretically for a single allowed electronic transition in
the absence of vibronic or other perturbations.

The oscillator strength of the first absorption band is 0. 19,
corresponding to a transition dipole moment of 3.3 Debyes. This is
intermediate between an allowed electreonic dipole transition and a
forbidden transition (3 ). In the latter case the intensity would mainly
be "berrowed' by vibronic interactions with higher, allowed electronic
states. The constancy of the dichroic ratic from 295 mu to 265 mu

suggests that the band is allowed.
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We now consider the ''resonance-force'’ (26) or "exciton ( 4 )
interaction between molecules. The dipole-dipole interaction energy
of two transition dipoles is

— e - e d -
porw, o 3 sR) (b ,0R)

R’ R

AE =

The important near neighbolrs are molecules 1 and 3 in Figure 18,
The center}(i:o center distance is 4.38 A . The calculated interaction
energy is + 200 cm—l. For the large number of stacked molecules
(several hundred) the interaction is doubled to + 400 cm—l. The vibra-
tonal Iw_alf;-band width for the solution spectrum is 3720 cm’l. Accord-
ing to the Simpson criterion (26 ), the system rnay be considerea
"weak-coupled.' Therefore, assuming 800 cm‘l spacing for each
vibrational level, the interaction of the vibrational levels should be
about ¥ of the calculated strong coupled system. Thie; is about a 50 cm-l
interaction or 100 crn—l total splitting for each vibrational level.

The crystal spectrum is red-shifted about 800 c:m“1 compared
to solution. (See Fig. 24, p. 110 .) The calculated exciton interaction
cannot account for the overall red shift. The difference in solvation by

water as compared to other l-methylthymine molecules probably

accounts for the relative red shift.

9-Methyladenine and the Hoogsteen Dimer. 3ince the crystal structure

of 9=methyladenine is not yet known, it is not possible to draw conclusions
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about the directions of transition moments with respect to molecular
axes. A plausible assignment can be made, however, by consideration
of this crystal and the Hoogsteen Dimer; this consideration leads to a
suggested molecular orientation for the 9-methyladenine crystal.

(See PropositionI .)

The polarized absorption spectra of ?-methyladenine (Fig. 13
repeated here for the reader's convenience as Figure 20) shows a
strong band with a peak at 275 mu which is strongly polarized along the
b-axis. Down to 280 mu the dichroic ratio of (a“b’(a_l_b) is constant
with a weighted average ratio equal to 5.1 + 0.5. The absorption from
280 mu to 255 my perpendicular to the be-axis can be plausibly decom-
posed into 2 component of the !'b band with a dichroic ratio of 1/5 and
a second wealk band with a maximum near 255 mp . The weak band
g0 constructed has an estimated oscillator strength of .008.

There is a very marked red shift of the crystal spectrum with
a maximum at 275 mp compared to the soclution spectrum with a maxi-
mum at 263 mu .

he hydrogen bonded complex of l-methylthymine and 9-methyl-
adenine lies in the (010) plane. There are two dimers per unit cell
which are related by a two-fold screw axis. Therefore, all thymines
and adenines have their respective transition dipole moments aligned
in the same direction. Figure 2lis a drawing of the two dimers per
unit cell. The molecular layers are separated by a vertical distance of

3.276 A.
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The general features of the polarized absorption in the (010)
are as follows. The tabulated values for the absorptivity ellipsoids
arerepeated here for convenience in Table VIII., The minor axis of the
principal directions has a maximum absorption at about 277 mp, while
the major axis has a2 maximum at 273 mp. The dichroic ratic increases
from 1.3 at 295 mp to 2.1 at 255 mp. Over the first absorption band
the angular orientation is relatively constant with the exception of
wavelengths at 300 mp and 305 mp. Between 245 my and 240 mp the
directions of the major and minor axes reverse about 90°® and the
dichroism at 230 mp becomes large (~3). At 240 myu the dichroic
ratio is about 1.5, but for this wavelength the two diiferent secticons
are in poor agrecment.

The relatively small dichroism in the (010) plane from 305 mp

to 290 mys is surprising. From the solution spectra (Fig. 10), one

would expect only thymine absorption {irom 310 mu to 290 mp . If this

were the case, the dichroism would be very large with essentially all

the absorption in the direction of the transition moment for l-methyl-

thymine. The very small dichroism on the red side of the absorption

curve suggests several alternate hypotheses.

Suppose that the crystal is disordered. The N3-C6 axis in
1-methylthymine is almost a two-fold symmetry axis. In the hydrogen
bonded complex crystal structure the NB'CE; axis is essentially parallel

to the c-axis (see Fig. 21)., If the l-methylthymine molecules went into
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TABLE VHII. Molar Absorptivities of Principal Directions and
Position Angles for the Hoogsteen Dimer

t=0.22+.07p

a : 3077 a_. » 1073 .
b max 1 -1 S 1 o f Dichroic
(zop) (lrmole *em ) (1°mmole ccm ) (degrees) Ratios
230 11.6 + 4.5 3.6+ 1.5 91.9 + 1.1 W
235 9.3 + 5.2 3.9+ 2.5 92.2 + 5.2 2.4
240 7.6+ 3.0 4.8+ 2.0 83.4 % 2.9 1.6
245 To4+ 2.6 5.9 + 2.2 28.8 + 4.0 1o
250 9.4 43,2 5.5+ 1.8 14.2 + 0. ¢ 1.7
255 12.0 + 4.3 5.7 + 2.2 10.4 + 1.1 2.1
260 13.4 + 4.6 bl + 2.2 12.2 + 1.1 2.2
265 14.614.9 7.2+ 2.5 ll.Oiﬂ.é 2.0
27 15,9 + 5.8 8.8+ 3.3 9.1+ 1.7 1.8
275 15.4 + 5.1 9.9 + 3.2 7.3 4 0.6 1.55
280 14.2 + 4.8 9.613.2 6.0:-1.1 1. 49
285 1.6 + 4,0 8.4+ 2.9 6.2+ 1.7 1.3,
290 10.0 + 3.5 (.54 2.8 4.4 4+ 2.9 1.35
295 8.1+ 2.8 5.9 + 2.0 7.8 4 1,1 1.3
300 4.0+ 1.6 3.2+ 1.4 -29.4 + 9.4 1. 25
305 2.1+0.8 1.2+ 0.5 -12.6 + 2.3 3.4
t=0.49+ .05u
240 11.9 + 1.6 10.8 + 1.4 96.9 + 5.0 1.1
295 7.9+ 0.8 7.6+ 0.8 16.616.0 1.04
300 3.0+ 0.6 2.2+ 0,4 54,7 + 5,2 1.3




the crystal with equally probable orientations about the N3 _Cb axisg

and if the transition moment were at an angle of ~ 45° with respect to
the c-axis for the orientation shown in Figure 21, then the other
orientation would have a moment at ~135°. Hence the momentis of the
respective l-methylthymine molecules would be nearly right angles

and the absorption on the red side of the band would be almost isotropic.
From the dichroic ratio analysis of single l-methylthynljine crystals,
one of the two possible transition moment directions is 2t an angle of
45° + 2° with respect to the c-axis. However, Cr. Hoogsteen has
pointed out that the molecule has sufficient asymmetry to remove

any ar;ﬁbiguity as to its atomic positions; therf.'l.:.a--(ié double bond is
cqnsiderably shorter than the C‘i_:‘-Nlbond. The refined structure of the
crystal, moreover, indi?:ates that any disorder must be less than 20%
of the structure. If ‘20% is the upper limit for the type of disorder
mentioned abqve. ti:en the smallest dichroic ratio should be about -
4:1., Therefore, the x-ray crystallographic data rules out the disorder
hypothesis.

A second hypothesis iz to agsume that Q-methyladeriine has
shifted to the red compared to solution (or even corhpa.red to the single
crystal spectra) and that the transition moment for 9-methyladenine is
at nearly right angles to the transition moment direction for l-methyl-

thymine. The purine and pyrimidine moieties are sufficiently separated
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(6 A) that one would expect only weak coupling of the respective transi-
tion moments. To test the feasibility of this second hypothesis, the
polarized absorption in the (010) must be interpreted.

In order to #nalyze the polarized absorption data, the relation-
ship between the principal directions and the directions of molecular
absorption must be understeod. The two different molecules in the
Hoogsteen dimer are viewed as two oscillators which are perhaps weakly
‘coupled. Regardless of the coupling strength, the crystal can be
approximated as two independent oscillators (the eigen oscillators)
whose directions of vibrations (at 2any one wavelength) are at a fixed
angle ¥ with respect to each other. The oscillators have respective

cross~sections a, and 2, for photon

P i
! absorption. Let ~ be the angle from
a P g
' .
principal direction PZ to the oscillator
x of with crosse-section ag.
o 2

-]
>
o
=
g
n

2 2
a, cos"x +a, cos (~ -x)

9]
i

2 &~
& a_ sin o +a, si: (o b 1
1 2 = 1 i ( ) ( )

P, =
P2+.Ll a2+a1
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Since a principal direction is an extremum for the projections of a

i
and 32,’
o
::——2- - 0
o
or
a.a + ay cos 2y
cot 2v = (2)
a, atn 2
1 X
R + cos 2y = g
= where R = a_/a
. 2 1
8in 2%

If ¢ is constant throcughout an absorption band characteristic
to the twe oscillators, that is, over a region in which y is constant,
then either R is constant or ) is 90°. A constant ratio for the
oscillator cross-sections over an absorption band would determine a
constant ratio PZIPI. This was not observed for the Hoogsteen dimer.
The angular position of the principal directions, however, was nearly
constant over the first absorption band. Figure 2Z is a plotof ,
the angular position of the principal directions, as a {unction of wave=
length. The calculated standard deviations of ~ &re also shown. The
small variation of © indicates that the oscillatorsarealmostatrightangles
to one anothe;-. Any change in « is the same change for # . Equation

2 may be solved simultaneously for two different wavelengths. The

final result is:
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: , 2 2 " - 2 .
[(Rli-Rz) +(R2-R1) cot ™ 2827 cos 2x+ 2(R2+R1)(1+R2a1) cos 2y +

(1+R1RZ)&‘(RZ-R1)3 cot “ 248 =0

whers Rl and RZ are respective ratios of the osciliator cross-sections

at wavelengths A | and A ,) and 200 = 2(z i o.). To the extent that ¥ is

i 2
near 90°%, the ratios of the principal axes serve as approximations to

R._and R The angle % can then be determined. The gquadratic equa-

2 1’
tion in cos 2y will yield a golution of four possible angles, two sup-
plementary pairs. The equation was solved for the three wavelengths
of 290 rop, 275 mp and 260 mp . One supplementary pair of angles
varied considerably for the three different solutions. The other pair

% = 85° or 95° was constant within one degree. By eliminating « from
equations 1 and 2, the cross-section ratios over the absorption band

can be solvaed in terms of the principal axes and the angle x. The equa-

don for the solution is:

-Bi\,Ba -1

R =
where 5 gom 2
~ .1\ A Z/‘. 1 1
CO8 LY = ;3’/?1 1
B & Lo -
1 B iP, -1 )
T\FP./P %1
Zi'! 1

Tor the Hoogsteen dimer, the first approximation of the ratios was

adequate for determining ¥ within the errors of the principal axes,
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With R and ¢ determined in a self-consistent rnanner, ¢ may now be
determined from equation 2. There are two sets of values for «

gince ¥, from the treatment above, cannot be resolved from a pair of
supplementary angles. The sum of o and ? for the wavelengths of
interest locates one of the oscillators with respect to a crystal axis.
Cne of the supplementary angles, x, chould give 2 constant value for
the angular position of the oscillator. The calculated values with the
estimated errors are listed below. A one degree uncertainty in ¥ is
a three degree uncertainty in o, The columns labelled < ca ay and

<ca a, are valuecs for the angle from the c-axis to the vibration

direction of the oscillators with respective crose~sections a, and a,e

Aroe) ©° @ <C/\a1 <caa_ o <cAz <cAna

Y= 959 Z Y =gs5°® 1

300 5545° 168°+4 28+9 113+9 221;1-_’1 166+9 8149

295  7.8t1.1 18+4 2646 11146 16244  170+6 8546
290  4.442.9 1944 2348 10848  161+4 16518 8048
285  6.2+1.7 18+¢ 2447 10947  162¥4 16847 8347
280  6.0+1.1 17+4 2346 1086  163+4 16946 B84+o
275 7.3+0.6 16+4 2346 10846 164%4 17146 B6t6
270 9.1+1.7 13+4 2247 10747 16744 17647 9147
265 11.040.6 1244  23+6 108+6  168+4 17946  94+6
260 lz.z#l.l 1144 2346 10846 16944 18146 9646

255 10.4+1.1 1244 2246 10746  16B+4 17846 9316




1560

The angle v = 95° + 1° gives fixed angles for the directions of
the two oscillators. The corresponding directions are shown with broken
lines in Figure 21; one line is over l-methylthymine and the other is
over 9-methyladenine. From the dichroismm studies of l-methylthymine

crystals, the transition dipole moment assignment places the dipole

e

vector at either 78°® + 2° or 45® + 2* with respect to the c~axis in the
Hoogsteen dimer. PBoth of these values are in gross disagreement with
the oscillator directions determined from the asszignment for v = 95°,

Tor the assignment v = 85°, one of the hypothetical oscillators

is in agreement with one of the two possible dipole moment directions

e

of l-methylthymine. From 300 mnp  to about 275 mp the oucillator
direction is constant to within the error (83° + 7°). Below 295 mp the
oscillator of larger magnitude corresponds to one of the transition
moment directions for l-methylthymine. At 300 mu the magnitudes
of the two oscillators are reversed. For this wavelength the ''phase”
angle ¢ was determined from a thicker section (t = 0.49 u ) since the
absorbances are more reliable than for the thin section. The reversal

in the oscillator magnitudes at 300 my means that the toe absorption

Fery

of 9-methyladenine is to the red of l-methylthymine.
Below 275 mp the calculated direction of the proposed oscillator
changes from ~86°® to ~26®%,. But {for 9-methyladenine the dichroic

ratio was no longer constant below 280 my and 2 second, weak band

was evident. This second, weak band is perhaps polarized in a direction
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more or less at right angles to the major absorption band. The con-
structed, weak band had a molar abgsorptivity of about 1000 to 2000
irom 270 mp down to 255 mp, This absorptivity value is about 15%
of the molar absorptivity for the major, principal axis, which lies
nearest the transition dipole moment direction for l-methylthymine.
1f the weak band were polarized at an angle of about 120° or 130° with
respect to the c-axis, then the change in the principzl direction from
280 mp to 255 mp can be accounted for. Unfortunately, the full
analysis of the principal directions in terms of three oscillators is an
indeterminate problem. The independent evidence of 2 weak absorption
band for 9-methyladenine, however, is qualitatively consistent with
the directional change of the principal axes.

On the basis of the above argument and on the basis of dichroism
studies of l-methylthymine, the transition dipole moment direction for
1-methylthymine is assigned to the angle 161° + 2°, where i:he angle
{5 defined by the Tinoco convention ( 5'). The transition dipole moment
for the strong absorption band of 9-methyladenine is assigned to the
angle 168° + 3°*. The corresponding assignments are shown in Figure
21 with solid a:t:rows over the respective molecules.

Cn the baéis of a two oscillator model, v and R were deter-
mined in the self-consistent manner outlined above. We now calculate
a. and a_, the molar absorptivities of the two eigen oscillators respons-

1 74

ible for the absorption of the crystal. This calculation is easy because
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a, + a, = Pl + PZ and aZ/a1 = R. (Actually, 2y and aa are almost
sxactly equal to Pl and PZ' respectively.) The results are shown in
Figure 23. As discussed above, we believe that oscillator az is mainly
due to l-methylthym.ing down to about 240 mu , although the weak per=
pendicular band of 9-methyladenine makes some contribution from 270
mpp to 250 mp . The maximum for l-methylthymine in the pure crystal,
in the Hoogsteen diner, and in the solution all occur at about 273 my .
We believe that oscillator a, is mainly due to 9-methyladenine down

to about 250 mp , where the strong second band of l-methyithymine
begins to contribute. The maximum for 9-methyladenine is about 277
mp in the single crystal and in the Hoogsteen dimer. In solution 9-
methyladenine has a maximum at 261 mu .

From the assignments of the transition dipole moments, the
resonance force, electrostatic interaction between nearest neighbors
was calculated. For l-methylthymine the center to center distance is
3.8%.&. The transidon dipole moment is 3. 32 Debyes as determined
from sclution. The calculated energy of interaction is 316 cm-l. or a
total of 632 cm—l for the number of molecules stacked above one another.
The transition dipole moment, calculated from solution, for 9-methyl-
adenine is 3. 94 Debyes. The center of gravity of the electrons for
9-methyladenine was calculated irom Pullman's electronic charges of
adenine ( 23 ) and from an estimate of 2 for the formal charge for the

methyl group in the 9 position. The center of gravity for the v electrons
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lies essentially at the midpoint oi the {34-C5 bond. This point was
taken as the center of the molecule. The center to center distance of

nearest neighbors is 4. 19 A. The calculated energy of interaction is

1
233 cm'l, or a total of 466 cm”1 for molecules above and below. These
calculations show that the purine and pyrimidine moieties are weak
coupled to themselves by the Simpson criterion ( 26 ), because the
solution band widths are 3000 to 4000 ™ . Thus the 2000 em™ ' red
shift for the maximum of 9-methyladenine compared to solution cannot
be explained by this simple exciton calculation.

A more detailed discussion of the various molecular specira

in the several crystal systems and in solution is presented immediately

below. Intensities as well as spectral shapes are compared.

Intensities and Comparison of Molecular 3pectra

The various crystal specira, when compared to solution and to
each other, have interesting features. Unfortunately, the intensities
for the crystal spectra have uncertainties varying from 10% to 4-0%.
Thus any intensity differences between soclution and the crystal which
are outside of the error must be relatively large to be cbserved.

Tinoco has presented a dispersion theory to account for i.:he
loss of or gain in intensity for a2 particular absorption band when

molecules are condensed from the free state into a polymer ( 27 ).
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His treatment is based on & first order perturbation theory and on the
assumption that no exchan.ge for optical electrons takes place between
the individual molecules. Hence, only coulombic interactions account
for intensity changes. A comparison of the intensity of the polymer to
the intensity of the monomer i:;z solution is justified within the first
order approximation if the solvent molecules are in a spherical array
about the monomer. Thus to first order, the intensity of the free
molecule is the same as for the molecule in solution, When a molecule
is placed in a non-sp;:zerical environment of other species that have
absorption bands near the band of the molecule of interest, then the
dispersive interaction of the optical electron with bands of the other
species will have a non-zero eifect on the intensity for absorption of
that optical electron. The optical electron will also be perturbed by
permanent dipoles of the ground and excited states of neighboring
species. But Tinoco has shown that for purine and pyrimidine deriv-
atives the latter interaction is small compared to the former ( 5 ).
1f FA is the area under band A for the polymer and fa is tl}e area under
band a for the monomer, then the hypochromism or hyperchromism

is given by

-3 < v ) T T
H=1-F, /f= j‘ 0215"10 X ) —iE‘Tﬂ’-—E Vet T ia:; b
.,ip. ia,x s j#i a#b Kia -ljb
where
» 1 [ B =30 M Ny ( “jfo'ﬁij ) |
Tijajjb = T 3 AP I :
R, Z

1J R .
o 1J
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Tor correct dimensions, A is in mp, R is in angstroms, and p,

he transition dipole moment, is in Debyes. The index b refers to

all other absorption bands which are not the same as a. Only the term
for the dynamic electric field is in the above expression. For H
positive, there is a decrease in intensity for the polymer compared to
solution, and for H negative there is an increase in intensity.

In his intensity analysis of various polynucleotides Tinoceo
calculated the transition dipole moment directions for the first two
uliraviolet bands of the several nucleotides from molecular orbital
theory. The magnitudes of the moments were calculated .rom solution
pscillator strengths. The second bands of the nucleotides were con-
sidered ioc make the major contributions to the hypochromism of the
first¢ absorption band in DNA and in other polynucleotides. Vacuum
ultraviolet bands of the nucleotides and of the phosphate~sugar groups
were considered negligible in this detailed calculation. -

The crystals studied in this work are rough approximations to
nucleotide polymers., The melecules are stacked, hydrogen~bonded
pairs. The separation between pairs in the same plane is larger than
the vertical separation. The calculated vertical interaction of nearest
neighbors is larger than planar interactions by a factor of about two.
For an approximate answer to H, itis sufficient to calculate the inter-

action of the two molecules nearest the molecule in excited state a.
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These nearest neighbors are just above and below the molecule.

Therefore,
=4 — 3 . a-é. "y .%
3. % 4 *B 2 %%y (203, - e RNy R
H=2(2.015%x10 )17 £ = a’ iy 5 |
a 2 .2 b 3 R

where e is the unit vector for the respective transition dipole moments
Unfortunately, we have no knowledge of the absorption bands in
the vacuum ultraviolet; 5n1y very gualitative inflormation on the transition
moment directions for the second absorption bands of adenine and
thymine was obtained in this research. The absorption of these bands,
however, can be approximated by pnlarizabilities ( 28 ). The com-
ponent of the polarizability of mmelecules j along the principel direction

1 at frequency v Iis

The fractional change in intensity may now be written

\ 1 -3 cos” T
H=2 £ @& " 3 ] (5ee reference (5 ).)
#r ! R
where cej! is the polarizability of the j molecules at {reguency 0

along direction 1, which is parallel to Mo eij is the angle between
-;; and"ﬁ.i.. For nearest neighbor interaction the fractional change in
& J

intensity is
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. (1)

The polarizability, « ,, can be approximately determined from the

£
refractive index of a material.

By using the computed refractive indices in the absorption band
region and the Clausis-Mosotti expression, the fractional change in
intensity can be estimated. The refractive index at the absorption
maximum is due to the absorption of all other bands and the contribution
from the band of interest is eliminated. For both l-methylthymine and
9-methyladenine the computed refractive indices along the principal
directions at the respective maxima have small differences. These
differences are reasonable since one would expect thé polarizability
to be approximately isotropic due to all other electrons in the system.
The polarizabilides of lemethylthymine and 9-methy1.adenine were
calculated from the single crystal, reiractive index computations in
Appendix A. The polarizabilities at the first absorption maximum are
1.6 x 10-23 cm3 and 1.9 % 10-33 cm3 for the thymine and adenine
derivatives, respectively. These polarizabilities are due to all the
optical electrons of each molecule with the exception of the first band.
It should be emphasized that in the calculations made here, the contri-
bution of the second band is not calculated separately. The total con-

tribution to the hypochromism (or hyperchromism) from all the bands

below the first ultraviolet band is calculated by equation 1 .
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Figure 24 is a plot of the solution spectrum and the crystal
spectrum for l-n ethylthymine where both specira are assumed to come
from a fixed one dimensional oscillator. Thatis, for the solution spec~
trum we plot three times the molar absorptivity from the isctropic
absorption of l-methylthymine in water and for the crystal we plot the
sum of the in-plane absorptivitdes and assume the absorption perpen-
dicular to the rnolecular plane is negligible. We call the latter con-
struction the "single crystal sum spectrum.' The intensity of the
crystal spectrum has about a 25% error; near the relatively flat maxi-
murm the error is probably larger due to photodamagefrom the transmission
measurements. The experimental hypochromism is 0. 25 +.07. The
hypochromism calculated from equation 1 above is 0.40,.

The spectrum for l.methylthymine, rather poorly resolved
from the polarization studies of the Hoogsteen dimer, is shown in
Tigure 24. (3ee the section above on the Hoogsteen dimer for details
of the resolution.) The shoulder at 255 mp is probably due to a major
contribution from the weak band in 9-methyladenine. The intensity
uncertainty is 40%. The integrated absorption {or the solution spectrum
is about twice that for l-methylthyrﬁine in the Hoogsteen dimer. The
experimental hypochromism is thus 0.5 + 0. 2. The calculated hypo-
chromism from the dispersion theory outlined above is 0. 36,

A spectrum which we call the single crystal sum spectrum of

9-methyladenine is shown in Figure 25. Itis the sum of the molar
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absorptivities for the two principal directions in the plane of the
molecular layers (001). The sclution spectrum is also shown and was
constructed similarly to the solution spectru.m for l-methylthymine.
(Seec above discussion and Fig. 24.) The isotropic spectrum of 9«
methyladenine, however, probably has a component perpendicular to
the molecular plane. The component was assumed to be comparable
to the absorptivity along the b-axis of the Hoogsteen dimer and has
been subtracted from the solution spectrum shown in Figure 25. The
single crystal sum spectrum of 9-methyladenine is shifted to the red
by 2000 cm-l compared to solution. Moreover, the shapes of the two
spectra are grossly different. The weak and strong components were
not observed under the main band of the solution spectrum. Crystal-
lization seems to have shifted the strong component to the red and
perhaps the weak component to the blue.

The intensity of the single crystal absorption has an uncertainty
of about 15%. The integrated absorption under the first absorption
band has a2 hypochromism of 0.2 + 0.1 compared to solution. A cal-
culation of the hypochromism cannot be made because the crystal
structure is not known.

The resolved spectrum of 9-methylader;.ine from the Hoogsteen
dimer is also shown in Figure 25. (See thle section above on the Hoog~
steen dimer for details.) The integréted absorption is drastically

smaller than that for the single crystal (a factor of about 0. 4 of the area
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under the single crystal band). The observed hypochromism compared
to sclution is 0.75 +.10. The calculated hypochromism for adenine
in the Hoogsteen dimer is 0.29, from eguation 1 above.

The spectrum, moreover, is red shifted on the toe absorption
side of the curve relative to the single crystal of 9-methyladenine. The
adenine derivative evidently suffers a major perturbation when taken
from a si'r;gle crystal of itself and placed in the Hoogsteen dimer. The
molecular packing for 3-methyladenine in the Hoogsieen dimer is very

close. The neéarest atoms, C, and CZ' of the molecule below, are

4
separated by only 3. 28{3 A. The electrostatic interaction of the formal
charges on these cores is large at this distance and can grossly change
the wavefunction of the molecule. Permanent dipole interactions can
also change the electron density of the molecule. Regardless of the
nature of the interaction, the perturbation is sufficiently strong to make
identification of the strong band uncertzin. The Hoogsteen dimer
absorption assigned to 9-methyladenine, however, is very much larger
(a2 factor of about 20) than the weak component observed in the single
crystal. The maximum of 9-methyladenine in the Hoogsteen dimer
agrees with the maximum for the strong component of the single crystal.
It seems unlikely that the perturbation on 2-methyladenine would shift
the weak component about 3000 cm-l to the red and also increase the

intensity by a factor of 20. If this were the case, then the strong

component, observed in the single crystal, would have to be either
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shifted to the blue about 10,000 cm-l or lose its intensity by a factor
of about 50.

With reservation then, the transition dipole moment direction,
calculated from the polarization analysis of the Hoogsteen dimer, is
regarded as the same for the strong band observed in the single crystal.
Furthermore, the strong component of the single crystal is considered
to be the major contribution to the first absorption band observed in
solution. The polarization for the major absorption component in
adenine, therefore, is along the short axis of the molecule (168° in
the Tinoco convention). This result is inconsistent with Mason's
assignment ( 18) based on substituent effects on purine. 6-Aminopurine
(adenine) in sclutiox-l has a main, first absorption band peaked at 260
mp with a small shoulder at 267 mu . The spectrum of purine is
ezsentially identical to adenine. 8-Aminopurine has a maximum at
283 mp and a second maximum at 241 mu with the former band 4%
tfimes more intense. 2-Aminopurine has a first maximuwm at 305 mp ,

a second at 236 mp, and both bands have comparable intensity. Mason
argues that the amino group in the 8 p;osition adds further conjugation

to the purine ring and shifts the main component of the purine absorption
band to the red. Hence, the major compenent is long-axis polarized.
The amino group in the 2 position, which is 30° to the long axis, shifts
the spectrum further to the red and decreases the intensity. For both

cases the minor component is peaked around 240 mu . The main
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assumption here is that the red~shifted band, with intensities compar-
able to the adenine band, is the same as the major absorption band
for adenine. Substitution of the amino groups, which have two =
electrons, onto the purine ring causes large perturbations as compared
to crystallization effects. Itis hard to know with certainty which purine
component is being enhanced by the substitution.

The assignment of the polarization can be resolved when the
crystal structure of 9-methyladenine is determined. It is interesting
to note that Rhodes could account for the hypochromicity of polyadenine
if he assumed the fir st absorption band for adenine to be short-axis
polarized ( 24 ). Tinoco's calculation for the hypchromism of poly AT
is closer to the experimental value if short-axis polarization is assumed
( 5 ). The last two points, however, are not particularly weighty,
because the dispersion theory for polynucleotides is highly approximate.

From molecular orbital theory, Tinoco has calculated the
transition dipole moment directions for the near ultravioclet absorption
bands of the several nucleotides { 5). For adenine the first absorption
band consists of two components, one polarized at 52® and the other at
147*, The assignment from our polarization experiments is 168° for
the major component. This is 21° from the 147* direction and 64® from
the 52° direction. Tinoco's calculated transition direction for thymine
is 3*. The polarization experiments indicate that the direction is 161°,

which is a discrepancy of 22°.
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The absorption perpendicular to the (010) for the Hoogsteen
dimer is probably due to n - =% transitions in the purine moiety. Both
the polarization and rather low intensities (100 to 1000 2. mole"1 crnnl)
of the specira suggest this assignment. It is interesting that the ab-
sorption perpendicular to the (010) is about 1000 cmnl to the blue of
the in-plane adenine absorption resolved from (010) polarization studies
of the Hoogsteen dimer. For a variety of heteromolecules it has been
observed that the longest wavelength tr.:::nsition (singlet-singlet) is an
n - 7% transition ( 13). When the weak, out of plane absorption from
the Hoogsteen dimer is compared to 9-methyladenine in solution, the
former is about 1000 c:mm1 to the red; when it is compared to the single
crystal sum spectrum for 9-methyladenine, it is near the edge of the
in-plane absorption. Figure 26 is a plot of the four spectra of 9-
methyladenine in different environments.

Pyrimidine in cyclohexane has an n - 7% transition at 300 mu
{ 19 ). The transition is well resolved from the first - - 7% transition
with 2 maximum at 245 mp . The additicn of an imidazole ring to the
pyrimidine red shifts the m - 7% transition to 260 mp, but then - n*
seems to remain peaked at 295-300 mp . The only purine which can be
dissolved in cyclohexane is 9-methylpurine; the n - w¥ {ransition
appears as a shoulder, but is distinctly evident at 300 mu ( 18 ). No
n - 7% transitions of adenine or its derivatives have been observed in

solution because the compounds are only soluble in water. Then - n¥
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transition energy is relatively insensitive to substituent effects, but

is strongly blue shifted in the presence of hydrogen bonding solvents

{ 16 ). The transition is relatively localized on the nitrogen and may
be thought of as an n tc p transition, where absorption by the optical
electron involves a transition irom an spz orbital of the nitrogen to a

2p orbital on the nitrogen. The success of the "independent system'
view has been demonstratied by Robinson in his diazine studies ( 7 ).
In the absence of 2 hydrogen bonding sclvent, then, one would expect
the lowest n - 7% transgition energy of adenine to be similar to purine,
just as pyrimidine and 9-methylpurine have their lowest n - % transitions
near the same energy. The (0,0) band for the allowed n -7 * transition
of crystalline pyrazine is -200 cm'l to the red of the vapour spectrum
( 7). Crystallization of the diazine does not strongly shift the n - %
transition, but it does spread the band out. On these grounds one would
not expect a large energy shift of the n - v * transition for adenine in

the crystalline state.

Therefore, perpendicular absorption is viewed as a normal nen ¥
transition for adenine and has shifted about 1000 c:m.'1 to the red in
going from water into the crystalline environment of the Hoogsteen
dimer (sim‘ilar to a hydrocarbon solveni). The grossly red-shifted
n- ¥ transition for adenine in the Hoogsteen dimer is the feature which

is difficult to understand.
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The continually rising absorption perpendicular to the molec=-
ular planes is thought to be due to overlap of other n -n ¥ transitions,
The hydrogen bonded N7 provides a site for the transition which is
expected to be to the blue of the other n -~% transitions. Contributions
fromm n -ﬂ’; trangition of the carbonyls in l-methylthymine should be
relatively small due to the pure p character of the non~bonding orbitals
on the oxygens. As mentioned earl{er. the adenines are packed closely
with a nearest atom distance of 3. 286 A for two carbons. (3ee Fig. 21.)
The calculated overlaé, using Slater atomic orbitals, is .03. It may
be that the absorption near 230 my is a charge transfer ty-pe between
the rings, with some degree of delocalization of the excited state pro=-
vided by the rest of the m - electron system. An absorption specti am
perpendicular to the (001) of ;cx 9«methyladenine, single crystal would
shed some light on this conjecture. The spacing of molecular layers
is 3.6 A . It was pointed out in the crysial preparation section,
however, that the {010} was too poorly developed to mount the

crystal for slicing in this direction.



119

APPENDIX A

Cptical Dispersion Theory. The Drude theory for optical dispersion is

based on the assumption that an optical electron is bound by Hooke's
law forces and subject to a damping force proportonal to the displace-
ment velocity ( 6 ). Under the influence of an external electric field

the equation of motion for the electron is

o€ i e 2 OE
matz =egX 5 £ - re Bt

where X is the component of the external electric field,

%:'-6-2— € is the restoring force,

2 8 . :
and re -é;f- is the damping force.

r and 8 are positive constants,
Under stationary state conditions the displacement variable may be

expressed as a periodic function of ime. The solution to the equation

of motion is then

8
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where 7 = T/2n is the angular period of the external electric field,
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The current in the x-direction is

X oe
J e e+ T e N -;-}—
A7 at J i
1 . b, N
R g x — e (1 W J - )

-
=
@
o
s

1 =i/t a b fr°
§ J

From Maxwell's equations we identfy

q‘.'.‘. }:‘"5 5
al= 14+ 7 d = 2}.‘1“(i-
J 1 + i,“'f &z - ;J':/Tu
J )

-
K}

=

' is the complex diglecivic constant, u is the refractive index and

[

L is the abearptivity per = i the mediuwm,

For the generzl linear diffsrential equation,

‘N N =]
it =y o owy T
) c (5 ) x=e‘ D QT G lw)
j=o o
v a soluiton
= J  (w) -1 B, {w)
Then
o .
&
and T _(w) =22 [ &
N "]T { 2 2
G w - '}/
The transformaotion relationshine between J (w) and ‘t‘f;ﬁ(w) are called

the Hramers-Hronig travsforwmations (17 ).

6 .M
Bag (m) = 2

f ts i/t a b fr°
-‘ oF

is the solution to Drude's equation.
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Letent (1-1)% = 14 0(n) = 14T (0) - iH («)
2 2

nc’"-(nl-’.) =1+J()

2n (nk) = & {«)

a"m I* .‘ d.
Jy=2 | S
"'r Q ‘(j - a1
= o 1ur
! > < is approximated with the measured abgorp-
39
}r - Y

tion band, a dispersion term {or the second absorption band near 2000 A

and a constant term,

‘ . 2
. 2 4 2 7 2oy )nkly)d
vr i1 (CI‘,) - (nk) (.‘g\) = ng(.“) E g .;-; { (yg‘ _(a) Y
= U’l” }F - (ﬂ

where ® to w , covers the angular frequency over the measured
absorption band., In terms of 3, the vacuum wavelength, and a(A), an

-1 .
absorptivity term in e , the expression rearranges to

Ry

p 2 - P 2 & nZjayydr 7
n (3 +0.22¢102 07 | 0.143911 = + !
1 (\0) = :10(10) 22 2 -l 0 39 (ko) Kj‘ 2 KZ |

” 2 H "o
fe“N \;
with ng(h) Lk TR =

where n_ iz a constant,
A is the maxirnum for the second absorption band,
o
f is the oscillator strength,

and N is the density of optical elecirons.

The procedure for calculaion is as follows:

~
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. Compute A(589 mp) = (0.226102) (589)" 5
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where -"al to A, is over the measured absorptdon band and no(l)I

has been first approximated frorn the oscillator strengths of the

first two alivavielet abserpton bands in solution,
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2
8

- 2 ]
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2. With n ()«.)H. refractive indices for all wavelengths of interest
(4]

are calculated:

2 ' 2
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where a(\) = a(h « 1) = a(d + 1) for Y in mpand ay) = 0 for A > A

2'.
3 Reflection coefficients for wavelengths of interest are computed:
2 . raf)) 12
({91 + [ 2200 ]
R(\) = — -

() + )7+ -——Lli,,

y
1
|
)

. The computation is repeated by returniag te 1 wnd litting to
the measured refractive index at 589 myt o get a() )III' The

nurnber of iteratione i taken on a trial and error basis.



123

The calculations were done on an 15M 090 computer
with a Tortran code. Ten iterations were more than adequate
to give a consistent set of refractive indices to three decimal
places.

The input data and calculated refractive indices for
the several crystals are tabulated below., The raw absorbance

data is omitted.

b-Axis Dispersion in (102) of 1-Methylthymine

f20'2‘ mu = 0, 17

fZ'iO mis = L,0105

n(A) = 1,610 + 37l n,, (589) = 1.660
v (zov)z 2 N
i- I
Cycle Mumnber 7
3 () N R
240 1,715 .070
245 1721 .00
250 1.720 .070
255 1.710 ‘ L0869
260 i.701 . 068
265 1.700 . 067
270 1.703 : . 068
275 1,715 .070
280 1.729 .072
285 1.732 .073
290 1.748 .074
295 1. 749 .074
300 1.741 . 073
305 1.730 L0714
310 1.716 . 069
320 1.703
340 1.692
360 1.684
380 1.678

400 1.4674
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p-Axis Dispersion in (102) of l1«Methylthymine

5207 =, 0156
f370 = ,116

» 0036
(307)Z 2
1= %

rﬁ(k) = 1,700 + nz(sag) = 1,762

Cycle Mumber 7

A () N R
235 1,360 . 025
240 1.319 . 020
245 ~ 1.299 019
250 1.301 . 020
255 1. 244 . 016
260 1,250 . 023
265 1.306 . . 034
270 1.503 063
275 1.728 . 091
2890 i.912 . 113
285 2.042 . 128
290 2. 169 . 144
295 20257 . 153
3990 2. 330 . 162
305 2.281 -.153
310 2. 176 » 137
315 2.085 124
320 2,007 « 110
340 1.913

360 1.864

380 1.836

400 1.81%7



b-Axis Dispersion in (001) of 2-Methyladenine
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sz? = 0,16
fz?O = .195
nl(l.)_l 1. 762 % « 0368 R
1 _(207) /R‘:
Cycle
A () N
230 1,640
235 1.562
2490 1.500
245 l.454
250 1.428
255 1.433
260 1.502
265 1.597
270 1,775
275 2.059
260 2.306
285 2. 563
290 2.631
295 2,484
300 20327
305 2.220
310 2. 170
320 2.096
340 2,040
360 1,977
380 1.954
400 1.93¢6

112{589) = 1,880

Namber 7

i
2%

. 359
. 049
o 341
- 037
. 036
. D40
© 054
< D70
. 098
2139
- 469
. 200
- 203
. 182
- 159
. 144
. 136



a«Axis Dispersion in (001) of 9~Methyladenine

L

270

nl(i\) = 1,628 +

A ()

230
235
240
245
250
255
260
265
270
275
280
285
290
295
300
305
310
320
340
360
400

207 -
£ =0,031

126

. 2 .
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APPENDIX B

Least sguares analysis of polarized absorption. One may think of

crystal absorption as involving a projection of the electric vector
from the incident light onto a set of orthogonal axes (principal axes).
the amplitudes of these electric vector components are then attenuated
in the usual Beer's law form along the principal directions as the ray
pas=es through the crystal (21).
= P If © is the angle between a crystal
E ]
P face and the clectric vector of the
2

o) incident light, and © is the angle

CRYSTAL FACE from the same crystal face to a

principal axis, then the trans-

mission

-A =-A

I/IO = c()g,d (rr.‘ - 9)10 2 + Sil’\2 (iF - e )10 .

where AZ and Al are the absorbances along the corresponding principal

directions P _ and *

" s with rearrangements the expression can be

linearized to give

0 =1/ = B Y - g 5 Z2er :‘ ’ - =% 1 ‘5 3.’
T() I.IO ,‘(Tz Tl)co., ,f’:e cos 2¢ + (Td Tl) sin 20 sin 2¢ + % (T2+T1)

B -A
where T = 10 “ and T, =10 .

Thus the measared transmission as a function of the polarized angle ¢ is
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T(3)=BE +vyT + 6§ where € = cos 2 and T} = sin 2~
1 -1
8 =% tan vy/B
§ cos 20 + 9 8 cos 20 - 2
= and -
TZ. cos 28 Tl cos 2P

For a least squares analysis the linear form for T(w) is con-
venient, € and T are errorless and the error in T is proportionzl to T.
The parameters £, v, and 8§ are determined from the least squares
condition,

gé_fu_af*af

S e = e = ()
o8 oy 96
where f(?.y.é)=£wi (Ti-ggi-yni-a)a
and w, =1/ T.d
i i
5 ’
se %/ ° ve n./T,° se. /T >
i i i i i i i
2 2,0 2 o
Hence, Det = TE. R /T R, /T, ¥ N, 4T,
i i i i i i i
'*ﬂ'./"r‘;i f:n./T.z Zl/T.'2
i i i i i
and
e 2 Z
=ET.L /T, S N ERJT,
i“i i i 4 4 it i
2 . 2
8 = TTNT v9.%/T,° "N T, Det
i i i i i i
& 2 2
ZT. /T, ZNn./T. % 1T
i’ i i i i
2 2 ;
e 2t s T /T, ve /T2
i i i i i i i
v = iz,ﬂ_l'x‘.a 'zT.Tl./T.‘?' S:;n_/'r_?‘ Det
- T Sl | i'd i i’ i
Z 2 2
TE Z 1/T,
3 ‘i/Ti 2:"1‘11'1*i / i



i30

2
5::;_/’1‘2 TE ".,/TZ ol ok B
i i i i i ii i
2 2, .2 2
Ei i/Ti *li /Ti Tiﬂi/Ti Det
e /T £N./T.° s T./T.%
5 1 i’ Ti i’ T4

From the general theory of statistical analysis the inverse
matrix elements from the matrix whose determinant is Det can be
used to calculate the errors of the parameters B,vy, ¢. With the

standard deviations of the parameters, the standard deviations of

e, Al' and A_ were computed. The algebraic expressions are:
2 . 2
2 ¢h —_ -1 dh th = =1 &h — -1 2 2
- a2 1 FD e s 3 +(— 3 2.
CIA [( e ) H . SR T B2y i o (8v) L 2.303) Ty
] L L= ]
= =1 ; , .
H w are the inverse matrix elements of the matrix whose deter minant
1]
-1
is Det. And h=%tan v/B
Z [ 2 — -1 TR — =1 o = — -1 3 o 1
& = 7} - d - 3] C Ay =
g = | (&) ‘= +(=&) '® +(2E) & r2(=£) 28y “H
Amax <5 1,1 X _ v 2% 3.3 T 1.2
) o u—— ] o o ft =1 2 2
+ o( 2By 28 ] + z(=By2Ly 'H 2,30
» »

T
g =-log, (8- N8"+y™ )

?

2 2
S A = above for o " except use f
min Tma

x
Z 2
where f = -loglo(é + ,\/5 +v )
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.,
(error) Li

UA = 2 _(rT-_ﬂ_— from the curve fitted to

A(Er-) = -]_oglo(ﬁ £ +vyh + 5).

All computations were carried cut with an IBM 7090, The
program was written in Fortran.

With the appropriate reflection correction, assumed to be iso-
tropic, A(7) was converted to molar absorptivity units. The computed
curves are shown below on polar coordinates with the experimental
points. The ac plane with the refractive indices Nz and Ny is shown

on a polar coordinate graph for convenience.
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| ) Nz

60°

The (010) of the Hoogsteen dimer. The c-axis

is parallel to the 0° radial line. N and N are
the refractive index directions at 5 9 my .

i
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AFPPENDIX C

an Anisotropic Absorbing FPlane.

Absorbing plane is xz,

Z
Plane of polarization is ya.
Itis assumed that the eccen-
tricity of the polarized light
5 is anity and that the solid angle
e” iz aniforroly filled with light.

—
T

Componenis of wave vector £:

<V

(sin- sin6, cosy 8ind, cos?).
. e d
Components of electric field B:

(O v, B)s

By orthogonality, E - —L:f_ =0

or wcos ¥ s8in 9+ 8 cos 9 =0,

n
By normalization: ~ ¢ + B € 1.

2
i 2 1 2 cos o tanae
S o= = = and B = = =
s L P =3
1 +cos xwtan A l1+cos g tan™®

The transmission observed is
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o
O

-e yt/coad 0’2 -¢ zt/coz 8 BZ'

Pf%‘ e e

I/1 =
o

2y is the absorptivity in the y direction.
¢ z is the absorptivity in the z direction.

t is the thickness of the absorbing material.

I,flo =
5 .
1 1 1 cos tanz'ﬂ
TE -A — 8 -A. cai— b . -
r r n ¥ cos® 1+coszf.{;tan29) e cosf l+cosdcg- tan“e .
i € e sin 8d9dw
JO JO :
n 2.
[ | sinego a-
o o0

N is the angle between the central pole (z-axis) to the envelope of
the solid angle.
1

For measurements of practical value Textreme is® 10 . Thus

: 2 "
to a good approximation tan @ = 82, sin # =8 and ces /A = 1,

We need therefore to evaluate



| P
‘n FAR —AY -A'ZQ“CQSz%
- !‘0 - ¢ A adedg
T = S0
o

‘,[‘o Io adadr

2 2
-Ay -A @7 cos ¢
5 o e FZW ¢ i9d
= g~ L i e BdfBde
™
Integrating over 8,
, -Ay 201 -A T ?‘cc SZ<‘."
1 - “
I/IQ = = % (‘ - = de
277 hA" Ak coa ¢
Bat
2 ‘ 2 1
A M Tcos e @ (A 'ﬂzcosu ) “
loe © =) (=17 =F
(n+1):
n=0
e*AY 2 2 n | cos’y )n+l
LI/ = j ) (-1)" X 3 = der
o 2Ty o : . Z
osilh (n+1)! cos =
o 2
where v = A T
z
or A
. oy (yecos {
B = 5 fo > (-1) (n+1)] .
4]
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‘We note that,

n-1
cos:zncn = _1 T~ ) 2n C cos 2(n-r)e + % 2nC |
Zdn-l Lol r n
r=0
Integrating term by term,
2 - ¥lae - c .
[ cos Pode = e § | e sin 2(n-r) v + % 2n n g +constantj
2 T p=g 2(n-r)

This gives a simple, finite polynomial in sin 2(n-r)s. Moreover we
note that
n n
Y

T (-1) L
= ) .1‘ o
> tor 1) 22n-1 Z ;.T_n-r) sin 2(n-r)y + & 2nCnr
r=0

n=0

converges. Thus we may interchange the sumrmnation and integration

operations above.

IfIO =
e-Ay- 0 ( 1)r;.yn ) n-l chr 2n
- . N S s - + % e |
} (n+1)? n-1 / 2(n-r) o Gty # & chn I'o
27 n=0 = r=0

The sine terms vanish, so

I/Io = (n+1)! n

= (s8]
A > (-l)n\(n chn
& 2

TR

¢]
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But

_ (2n): _ (2n):

2nC >
% (2n-n)!n! (n!)
-Ay © -1 n _Vn 2n)!
V1= e A - O )2

ep 2 (at1)! (nl)
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PROPGSITION 1

The crystal structure for 9-methyladenine has not been deter~
mined. The unit cell dimensions and space gronp of the anhydroas,
monoclinic crystal have been reported (1). (The unit cell dimensions
are listed at the end of this proposition.) The crystal has a pronounced
cleavage along the (001); this plane is believed to be the plane of the
molecular layers (2).

The angular orientation for 9-methyladenine in the crystal is
proposed below. My reasons for presenting this proposal are two-fold,
I hope to entice someone to do the crystal structure of 9~methyladenine.

he crystal structure determination would provide a test for the atomic
positions given 9-methyladenine in the hydrogen bonded complex of 1=
methylthymine and 9-methyladenine. The structure determination may,
furthermolre, provide some clue as to the relative stability of the hydro-
gen bonded complex of 1-methylthymine and 9-?nethy1adenine compared
té the single crystals of each, respective compecund. The structure
will also, hopefully, settle the quesﬁon a3 to the transition moment
direction for the strong component of the first uliraviolet absorption
band in adenine. My second reason is to show that our transition moment
direction assigned to 9-methyladenine can be used to construct a rea-

sonable orientation of the 9-methyladenine molecules in the unit cell.
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The dichroic ratic for absorption in the (001) has been deter~
mined for the first ultraviolet absorption band. (See the section on
polarized absorption spectra of 9-methyladenine of this thesis.) 3ince
the space group is le/c and there are four molecules per unit cell,
the transition moment for one pair lies at an angle =~ from the b-axis,
and for the other pair‘at an angle of -~~. From fhe dichroic ratio value
of 5.1, the moment lies at an absolute angle of 24°+2° with respect to
the b-axis. From ;he analysis of‘ pelarized absorption spectra for a
Hydrogen bonded complex of lemethylthymine and 9:methy1adenine,
the transition xﬁoment for 9-methyladenine was assigned to a direction
of 168°+1°. By the Tinococonventon (3), the transition moment angle

is measured from the CS-C*‘ bond in the purine compound and increases

by rotation into the six membered ring. With the knowledge of the
transition moment direction for the molecule and of_the dichroic ratio
in (001) of 9-methyladenine, two angular orientations for 9-methyl-
adenine can be considered. ©One of these orientations should correspond
to the true structure of the crystal.

From the polarization data obtained for 9-methyladenine studies
the C4-C5 bond should lie at an absolute angle of 12'_-_1'_6' or 36':6‘ with
respect to the b-axis. I have assumed that the two pairs of the feur
rolecules per unit cell are hydrogen bonded from the N7 to the 6-amino

group. This hydrogen bonding scheme is the one reported by Broomhead

in her determination of the adenine hydrochioride crystal structure (1).



By using Broomhead's center of symmetry for a hydrogen bonded pair,
K. Hoogsteen's atomic coordinates for 9-methyladenine from the crystal
of the adenine~thymine dimer (5), and assurning all molecules coplanar
to the (001), I have calculated the atomic positions for the -methyl-
adenine molecule for the two possible orientations. Both cases are
presented below; one structure is preferable and suggests in a gross way
the orientation of the 9~-methyladenine molecules in the reported unit
cell (1).

Figure 1 is a representation of one pair with the CG_CS axis at
an angle of 36°. The plane of the paper is (001). (The arrow over one
molecule is believed to be the direction of the transition rnoment.) The
other two molecules, not shown, of the unit cell are in a plane half way
up the c-axis; this plane has a vertical separation of 3, 60 A from the
(001). Alfhough the unit cell is {filled up by the molecules with adequate
spacing, the hydrogen bonding for the 6-amino group is unacceptable.
One proton of the amino group bonds to N_‘v (by 2ssumption) bat the other
proton has no nearby site for bonding. If one tries a hydrogen bonding

scheme to the N, position (that is, reject the N, hydrogen bonding

1
scheme), then the pair overfills the unit cell; the a-axis is too short to
accommodate this latter configuration.

The second possibility for the angular orientation provides an

attractive hydrogen bonding scheme. In Figure 2 the four molecules

per unit cell are shown. Molecules 1, 2, and 2'are in the (001);
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Figure 2. Proposed orientation of 9 -methyladenine molecules
in the unit cell. (See text for discussion)
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molecules 3, 37, and 4, projected onto the plane of the paper, are above
the (001), half way up the c-axis. The arrow on molecule 1 represents
the transition moment.

The major feature of the proposed structure is the hydrogen
bonding scheme. The 6-amino group is now in a favorable positicn to
hydrogen bond to the Nl of a 9emethyladenine in the adjacent cell.

The two centers of symmetry on the a-axis provide the system with
alternate types of hydrogen bonding between the molecules along the
a-axis. If this is a correct scheme, then the crystal is an interesting
structure to study in that there arc two kinds of hydrogen bonding
between the adenine molecules.

The present spacings of the molecules, as they are now shown
in the unit cell, are not acceptable. The methyl group, attached to the
N,

9

the separation i3 ~1A, Furthermore the N

in the purine ring, is too close to the methyl group in the next cell;
10 N, hydrogen bond is
only 2.5 A . There is about a 6° error for the transition moment
direction from my experimental measurements of the dichroic ratic
and from the polarization analysis of the l-methylthymine, 9-methyl-
adenine hydrogen bonded complex. Rotation of the CQ-CES bond closer
to the b-axis increases the separation of the neighboring methyl groups
and also increases Nl to NIO hydrogen bond distance. The center of

symmetry taken from Broomhead's atomic coordinates may not be

completely correct for this structure. By decreasing the NIO-NT
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hydrogen bonding distance, the methyl groups are separated further and
the NIO-NI distance is also increased. The methyl groups, moreover,
may be cut of the plane of the molecules as well.

My polarization data cannot be used very well for constructing
a more accuraté structure than what is shown in Figure 2. It is useful,
however, in establishing an approximate orientation of the 9-methyl-
adenine molecules in the unit cell. |

Unit cell dimensions for 9-methyladenine taken from K. Hoog-

steen (1).

o’
H
o
-
(3]
o
|+
(=]
h

c =8.47 + .03

8

123'26‘i 10’
Space group: lelc

Density: 1.471 g* cm-a(meas)

z =4
REFERENCES
: 18 K. Hoogsteen, Acta Cryst., 12, 822-823 (1959).
2. K. Hoogsteen, private communication.
3. H. DeVoe and J. Tinoco, Jrs, J. Mol. Biol., 4, 518-527 (1962).

(See p. 504 in preceding article)

4, J. Broomhead, Acta Cryst., 1, 324-329 (1948).

Ba K. Hoogsteen, Acta Crze;t. y in press,
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PROPOSITION IT

It is proposed that orientations of macromolecules be looked
for in the analytical ultracentrifuge by measuring the dichroism or
birefringence. Hearst and Vinograd have studied the very interesting
-”speed” effect on the sedimentation behavior of macromolecular sub-
stances in an ultracentrifuge (1). The investigators report that for
T-4 DNA at concentrations above 10 pg/ml, there is a pronounced
dependence of the sedimentation coefficient on the angular velocity of
the rotor. (These experiments for sedimentation equilibrium had vp
approximately equal to 0.5; the investigators studied the sedimentation
velocity in 0.15M NaCl solutions.) For example, at a rotor speed of
20,410 r.p. m., the sedimentation coeificient for T-4 DNA solution
at 15 pg/ml was 50 Svedberg units and at a rotor speed of 4,908 r.p. m.,
the sedimentation coefficient was 38 3. The authors report a similar,
but less pronounced speed dependence for TMYV virus; for this case the
concentrations were several hundred pg/ml.

The dependence on rotor speed suggests that the molecules are
being oriernted by the effect of the centrifugal field. The effect of con=-
centration also indicates that the macromolecular species need to be at
a certain concentration before the speed dependence can be observed.
Thus interm;ﬂecula.r interactions as well as the effect of the centrifugal

field seem to be important factors for the speed dependence.
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Dr. James Peterson has investigated several theories to account
for the sedimentation phenomenon (2). Of the several mechanisms con=
sidered, none could successfully account for alignment of the rod-like
particles in a centrifugal field. Itis clear from Peterson's work that
more experiments are required before one can proceed further on
theoretical considerations. In particular the question of alignment
should be answered. If the macromolecular species do orient in the
presence of a2 centrifugal field, how do they orient? Are the rod-like
particles oriented in the direction of the field, perpendicular to the
field, or merely constrained to lie in a plane perpendicular to the axis
of rotation of the rotor? For the first two possibilities, both dichroism
and bire{ringencé of the sample would develop with the field strength;
for the last case one should observe a decrease in absorption compared
to the isotropic solution.

It should be noted here that these kinds of experiments were
considered (3) and were ruled out, because it was believed that the
quartz windows were under tooc much strain at the high fields in an
ultracentrifuge. The strain on the quartz windows, however, is not
intolerable. 3Since the windows in ultracentrifuge cells are crystalline
guartz cut perpendicular to the optic axis, rotary dispersion of the
plane of polarization makes it impoésible to extinguish polarized, non-
monochromatic light with an analyzer., If one uses monochromatic light,

the rotary dispersion is not a problem; the emerging monochromatic



165

light can be extinguished with an analyzer. The present quartz windows
are ideal for dichroism or birefringence measurements. The rotation
of the plane of polarization must be accurately measured so that the
polarizer can be appropriately oriented, For quartz cut perpendicular
to the optic axis, the plane of polarization will not be rotated, but very
accurate alignment of the polarizer with one of the principal directions
of the guartz is necessary. Otherwise the guartz will make the incident
light elliptically polarized.

Dichroism experiments are simpler tc construct than bire-
fringence experiments, because the transmitted light does not have to
be analyzed; only intensity must be measured. A control sample can
be run in the centrifuge with a side wedge. Two slits can be appropri-
ately placed in the focal plane of the optical system so that the control
and sample can be measured under the same conditions. A photomul-
tiplier device is perhaps a better detection system than photographic
film, since the lineafity of the former covers a much larger intensity

range than the linearity of the latter.

REFERENCES
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PROPCSITION II1

It is proposgd that photochemical studies on l-methylthymine
be undertaken. It was reported in this thesis that l-methylthymine
suffered photodamage during transmission measurements. The photo-
preoduct is very lilce].sr a lemethylthymine dimer (1). The nearest
neighbor in the crystal is situated above or below the molecule with
the 5, 6 double bonds over each other. If a cyclobutane ring forms
between the two moieties, one would expect a 5,5'-6, 6' type bonding
with the pyrimidine rings trans to each other. (3ee Fig. 18, p. 85 of
this thesis.) Such a structure corresponds to structure II proposed
by Wulff and Fraenkel (2). This particular dimer can existas a d or
£ compound, 3ince a l-methylthymine can react with the nearest
neighbor above or below eciually well, one should expect 2 racemic
mixture to form in the crystal.

i-Methy.lthymine can be crystallized as thin flakes on quart=z
plétes. The developed face of the flakes is the (102), the plane of the
molecules. By irradiating the crystals from above and below with an
Hg germicidal lamp (or some other convenient ultraviolet source), one
should get a reasonable yield of the photoproduct. Through fractional
crystallization, the photoproduct can be separated from l-methylthymine.

An easy way to indicate that the photoproduct is a thymine dimer
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is to measure the ultraviolet absorption of the pure photoproduct. The
band at 273 mp should be absent. A molecular weight determination by
freezing point depression and an elemental analysis would establish
whether the compound is a dimer of l-methylthymine or not.

By methylating the N, positions of the photoproduct, one can

3
now compare this compound to the N, N'-dimethylthymine photoproducts
I and II reported by Wulff. Such a comparison would help to settle the
question of the four possible isomers which are consistent with Wulif's
structural studies of the several photodimers.

If the structure proposed above is correct, then the photoproduct
will be a racemic mixture. The pKa for both thymine and uracil is
9.5 (3). The photoproduct will probaﬁly have a comparable acidity.
Therefore a strong base of éure d or £ form will be necessary to form
diastereoisomers from the racemic mixture. luinine methohydroxide
or cinchonine methohydroxide may very well do the job (4). R. T.
Maior was able to resolve a racemic mixture of lactones with these
reagents. With hydrochloric acid, one can remove the base and
recover the respective d and £ photoproducts for further classification,
i.e., measure the optical activity. Such an analysis would establish
the photoproduct as isomer II or III in Wulff's work; the known crystal

structure of l-methylthymine makes it almost certain that the optically

active compounds would be isomer II.
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PROPCSITICN IV

It is proposed that dichroism studies of 2 single pyrazine crystal
be undertaken to help clarify the nature of gained intensity for the
lowest, symmetry forbidden, n-v* transition of the molecule. M. A,
El Sayed and G. W. Robinson investigated the lowest n-7 * transitions
in pyrazine (1). The system provided the workers with an interesting
study of intramolecular excitation transfer. The n-m® transitions,
which can occur at each end of the molecule, are orbitally degenerate.
Interelectronic interactions remove this degeneracy; one transition is
symmetry allowed, the other symmetry forbidden. The IBZg = lAg
transition is symmetry forbidden (the point group for pyraz_ine is Dzh).
For the symmetry forbidden transition there was some guestion as to
how the transition gained most of its intensity. Most of the intensity
for the symmetry forbidden transition lies in a band about 820 cm
above the (0, 0). (Fo: the crystal, a weak transition about 500 cmtl to
the red of the (0,0) allowed transition was thought to be the (0, 0) for
the symmetry forbidden transition.) If this band at 820 cm'-1 above
the (0,0) is polarized in-plane (of the molecule) then the intensity will
be gained through mixing with a m -7® transition. If the band is polar-

ized out of plane, then most of the intensity will come from vibronic

coupling between the symmetric and antisymmetric (n, %) components

(1,2).
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With the pyrazine molecule in a crystalline environment, howe
ever, there is always the gquestion of crystal perturbations. One cannot
state with certainty that the polarized electronic intensity behavior for
the molecule in the crystal is the same for the free molecule. But the
polarization properties for the molecule in a crystalline environment
are interesting in thelmselves.

The crystal structure of pyrazine has been determined (3). The
orientations of the two molecules per unit cell in the orthorhombic
crystal are pleasingly simple. The axis along the Nl’ N3 atoms in the
ring is parallel to the a-axis. The two molecules have their respective
planes at angles +22°3' with respect to the c-axis.

The crystals, which can be easily grown from a melt or by
sublimation, can be cut to a thin section perpendicular to the a-axis.

(1 imagine 10 p is a reasonable thickness for this weak transition.)

The crystal will be cooled to 4* so that the bands will sharpen up some-
what. (It should be emphasized that an n-~#% transition is highly localized
and is thus broadened considerably by crystal lattice vibrations. For

the broadness of these absorption spectra see reference 1.) The

absorption measured for light polarized along the b-axis is
f} . 2 0t - ot
Alb = a cos 22°3' + ay sin  22°3

where a is the absorption perpendicular to the mclecular ring and a
X

is thelabsorpticn in the plane of the ring at right angles to the NI'N3
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axis. ay and a_are the molecular absorptions along the molecular

coordinate system used for Robinson's study (1). 3imilarly,
i! ] 2 oqi 2 oqt
Ale = a_ sin 22%3" + ay cos 22°3

From these two absorption measurements we determine ax and a .
Now we section another single crystal perpendicular to the b-axis.
For light polarized along the a-axis, the molecular absorption, a_s is

determined directly. For light polarized along the ¢-axis,
Alle = a_ sin® 22°3' + a cos 22°3"

as before. This measurement provides a check on the earlier measure-
ment. Therefore, from these polarization studies the distribution of
intensity among the three components of the molecular coordinates is
determined.

One possible difficulty with this experiment is a phase change
in the crystal in going from 300°K down to 4*K. I do think, however,
that the experiment is worth trying. Polarization studies of this type

will add to the understanding of the intensity gained by the symmetry

‘ - i 1
forbidden n-m#® transition, B”/‘g - Ag'
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PRCPCSITION V

A number of polymers have rod-like properties. It would be
interesting to study the "'rod statistics' of these materials by breaking
molecular bonds at defined places. Professor Norman Davidson has
suggested that oriented polymers may be sectioned with an ultramicro-
tome. Such a suggestion leads to a variety of experiments for the stae
tistical analysis of the rod-like properties of rigid, linear polymers.

It is proposed that the analysis below be considered for these kinds of
experiments.

For analyzing the‘ system it is conv'enignt to adopt the fcllowing
model. We consider rods of length L and slice intervals of equal
spacing s. We are given a set of lines infinitely long and spaced at
equal intervals s. The number of lines in the z direction more than
gpan the rod length L. We shall drop rods onto these cutting lines and
determine the weight average and number average lengths collected
below the lines. We always take L. > s,

» Casel: A paracrystalline polymer is assumed to be well oriented.
All molecules are colinear, but the ends are staggered with equal prob-
-abilities. The molecules, moreover, are homogeneous in length. This
case corresponds to dropping rods onto the cutting lines with rod axes

parallel to the z direction and in the plane of the knife edges.
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If the molecules have a homogeneous density, then the lengths

are proportional to the molecular weight. The molecular weights of
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very high molecular weight material (~ 106) are very hard to measure.
By slicing the rods at different intervals s, one can determine weight
average molecular weights by light scattering. Tw/s =1 - s/3L is

a linear function of s with slope —1/3L. Thus .‘@w/s versus s will
give a value for the molecular weight. (The linear plot will extrapolate

to give p, the linear density, and have a slope of -p/__..) By slicing

3M
the material at smaller intervals, one can use colligative properties
to determine a number average molecular weight. From osmotic
pressure measurernents, for example, as a function of the slice
interwval, a plot of llﬁ versus l/a should extrapolate linearly to I/M
at the ordinate intercept,

Ferhaps an ideal system for attempting this experiment would
be paracrystalline TMV virus. This virus can be prepared as a dried
gel (1 mm % 6.5 mm x 0.5 mm) which has two dimensional orientation
{(1,2,2,4). The TMV virus is a rigid rod, macromolecular structurae.
Ags a dry gel, the viruses are oriented parallel to each other, but the
ends are randomly distributed along the fiber axis. The viruses are
packed hexagonally in the dry gel state.

The expected root mean square value of lengths is

1 "'s/-——-—-—-———-—-—-l”'SI':‘s
IeIN. 8 \L+s

I shall now outline how this result was obtained. As before we
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assume the lengths of all rods the same and Li/s =n + r. For 0<l<sr,
we have two pieces less than s and (n - 1) pieces s long. For

sr £1<s we have two pieces less than s and n pieces s long. Thus
the digtribution is constant for pieces 0£1l<£s and at s it becomes

like a ""d «function.' Therefore the unnormalized distribution function,

£(1), is
1 ( 2r + 2(1-x) )
p (2n + 3) 0%ls s
1) = | (l-r)}(n-1) + rn 6(l-s); 1 =s

2n + 3

By normalization,

&
bl

[ #1)a1=1yw =Cs +C,
R

where C, = .‘z. (_"__".'_LL'E)_) ana ¢ = {i-tin-1) + rn

1 Zn + 3 2 2n + 3

The mean square length is thus

2 " S 2
lmean-—N ) 1 [C1+C:26 (1-8)] ai.

Electron microscopy micrographs for sliced TMV would provide
one with a number average length; one could also determine the root
mean square length.

The slicing experiments are also promising for the analysis of
genetic' markerz on DNA, a.rccl-like polymer which contains genetic

information. If one selects a DMNA which can be genetically assayed
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and aligns the DNA molecules (by pulling fibers, for ex?.mple). then
the theory for the analysis of genetic marker frequency as a function of
slice interval is relatively simple. It is assumed that the genetic
markers are very thin discs on the rod-like DNA, that when sliced the
molecules break '"cleanly" at a pair of sugar-phosphate linkages, and
that the genetic markers are incorporated by a replicating system with
equal efficiencies. Two simple models have been assumed.

I. For modell it is assumed that DNA has polarity in the
genetic sense and that one end of the molecule is necessary for incor-
poration. A. D. Kaiser has studied the genetic behavior of A -DNA
from the bacteriophage M\, by breaking the A s-DNA molecule in half
with a Hershey stirring system (5, 6). Cne interpretation of his resul.ts
is that one end of the molecule is necessary for incorporation; Kaiser
sees only one half of the '"genetic map' occurring for A ~-DNA that has
been broken in half. Presumably the other half lacked a necessary
"heade-piece' to become incorporated. We therefore envision a DNA

with three genetic markers in the oriented fiber as follows:

j:{ b?z M, HEAD
1 e

}
K

k— b
™~ C

v ¥ v
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The "head' may be aligned in either direction along the fiber

axis, The distance from the "head" to M, is a, to Mz is b, and to

1
M3 iz ¢. Itis important that the '""head' be attached to the marker;
otherwise we assume no incorporation.

In a straight forward way it can be shown that the probability

functions, normalized with respect to the total II'NA, for the occurrence

of markers as a function of s, the slice interval, are:

PMI l-a/s as<sshb
(b-a)/s azb

PMj, Iviz

{l-b/s bgsgc
(c-b)/s s2c

PMI'MZ'MS= lec/s s2c

By following the frequency of genetic types (for this model we

see only Ml' i

M +M2, and I‘«Jil

+ IVIZ + M3) as a funcdon of 1/s, we
can determine the physical distances a, b, and c¢c. 3uch a clean cut
experiment would establish a map of genes on the DNA molecule by a
physical criterion.

Recently, however, 3immons and Hognesc have found that both
pieces of half-broken A -DNA will incorporate to show up with correspond-
ing genetic traits, buf one piece bas only 3% of the activity of the other
(6,7). Hence Il present below a second model; it is assumed that all

pieces of DNA can be assayed for genetic markers. By some method

{z Hershey chromatographic colurmn, for example) the sliced pieces
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can be separated and relative efficiencies for genetic incorporation
can be determined. The analysgis below assumes that the relative
efficiencies for genetic incorporation have been independently deter-
mined, and the frequency for genetic markers as a function of slicing
interval s are correspondingly corrected to have unit efficiency for
incorporation.

The DNA molecule, for the example here, has three markers,

M_, Ml. and Ma. which are separated by the respective distances ay

G

and az. Por the slice interval léss than a , the smaller of the two

1

spacings a, and a_, the markers occur individually at 2 probability
4

i

of 1/3 when normalized to the total occurrence of genetic traits.

Ata, € s = a

1 2"
P = , P =P = da P = -
B 1/3 P - a”35 an lM +M2 2/3(1 a”s)
2 H 0 1
Atazs s < a1+a2
a, +a, =1
= = g P = 1 1 , P =
M. "1zt Ty VAL 2 ). By =a,
: 0 1 5 2
] = 1l - ad 2 + MM =1 1 -
pMZ-'-MI L L R M, My = /31 -a,,)
At s 2 ax-i-az
= =0, 7 =a. s X =a
% 7
fhl IVIZ 2/3s Mﬁ 1/3s
?M +M 2/3 azls’ PN + M #.2/3 al/cand PM TR =l-a+a£:
1 0 "1 2 - 1 0 2 s

A i}lof: of the marker probabilities as a function of 1/s is:
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The various slopes of the linear plots and the discontinuity
points suggest an ideal system for determining the physical separation
of the several markers.

Case II. Rods of length 1 are dropped onto cutting edges at
equal spacing s ina randém fashion, i.e., all solid angles are equally
probable. The polymer is now in a glassy state, but again the molecules
are assumed to be rigid rods, all of léngth L. Consider projections of

L's onto the z-axis.
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Lcosd = 1'35 = ntr

For nfz2z 26 = cos-A1 s/L,

8
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Similarly,

TW = 5[1/3) s/L + & +10ge L/Gj

The results indicate that 2 number average molecular weight
experiment is better suited for simple intepretation. A plot of lfh-&n
versus 1/s should extrapolate linearly to 1/M with 2 slope of 3 p where
p is the linear density. The transcendental expression for the weight
average length demands an exacting experiment and knowledge of L.
For small slice intervals the dependence goes as s loge L/s and for
relatively large slice intervals the weight average dependence goes as
(1/ 3) sz/L.

Case IIi. Consider the realistic problem of a distribution of

rods about the z—.axis with a probability distribution function p(8). The
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azimuth about 2 is equally probable. One would expect some sort of
density distribution about the z-axis (fiber axis) for pulled fibers of
rigid rod macromolecules.

Suppose a fiber is pulled under equilibrium conditions. The rods
experience a torque which is proportional to L 8in ® . The energy to
align the rod goes as -L cos 6. A Boltzmanne-like distribution for the

. . Kcos 2 .
rods, therefore, is proportional to e » where ¥ is a constant

characteristic of the temperature and of the forces exerted on the

molecular rods during fiber pulling.

. K X! cose
Sop(f) = = e !
dr (e -1)

ic considered to be the normalized distrbution function for the rods.

The number average length becomes,

T Ls _ Ls
=" {KGK_ i1 . LHK) + 5
&( eK-l) .J

The weight average expression is

o0 n n
- K . AN K1 -(s/L)]
I = —— s {0 +3(L/9 &) y —t +log_L/s)
e -1 n=1
Ks/L L® (K s/L -1 :
3 ol FUE 1 e - 6 5 4. B 3
E K-
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A number average molecule weight experiment is desirable. The
e = 4 Jim o
limits for f(K) are between land ', % = o £(R) = | where the rods

lim

are constrained to the z-axis. K - o {(K) = % where the rods have
equally probable solid angles. These two limits satisfy the expressions
for Case I and Case II respectively. If one can independently determine
the linear density of the polymer, then a plot of l[l\-/in versus 1/s will
determine K, the constant characteristic to the distribution p(f).

A more sharply peaked, normalized distribution function is

a
1 cosze

e 2Vra+ Ja la (- %)

1
p(f) = o~

o s s
where la(-;‘,) & ‘o y e Y dy

is an incomplete gamma [unction. The number average expression is

-— = Lis

e ™ -a {-Ei(-a)}
e ? -yra + Ja fa—\(‘%)

« L/z2+s

where {- Ei( —a)}= f Z e dz

is a tabulated exponential integral.
The predicted weight average is a considerably more complicated

expression.
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et -5 -ai(-aM)} +(L/s-@)ﬁm(-%>

b3
e -vTa + J2 Ia (-%)

o

3

3 =-a
e
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The number average experiment is the obvious choice. The
point here is that slicing experiments cannot determine a unique
di.stributio:w_ for the rods in a fiber, Cne must understand a specific
rmechanism for orientation before he can put confidence into the

slicing experiment as 2 means for determining & distribution parameter.



185

REFERENCES

J. D. Bernal and J.. ¥rankuchen, J. Gen. Physiology, 25,
111-146 (1941).

J. D. Watson, Biochim. et Biophys. Acta, 13, 10-19 (1954).

D. L. D. Caspar, Nature, 177, 928 (1956).

R. E. Franklin, Nature, 175, 379 (1955); ibid., 177, 929 (1956).

A. Hershey and E. Burgi, J. Mol. Biol., 2, 143-152 (1960).
(This is reference to breakage by stirring.)

A. D. Kaiser, J. Mol. Biol., 4, 275-287 (1962).

A. D, KRaiser, ibid., 285. J. Weigle, private communication.



18¢

PROPOSIITION VI

The six parameter problem for the resolution of two Gaussians
is presented below. The three parameter problem for the resolution
of two egual Géussians has been solved and a computer program written
for the least squares analysis of the problem. Itis proposed that the
latter analysis be employed for the treatment of data from density
gradient, sedimentation equilibrium experiments which have been
used to look for strand separation of DNA.

The general problem of the resolution of two Gaussians is of
interest to people carrying out density graaient. sedimentation egui-
librium experiments. It has been shown that macromolecules of
homogeneous density and molecular weight wﬂl band with 2 Gaussian
distribution about a buoyant density position in a three component
system (1). The band width is proportional to I/CW:_/‘?" where M is the
molecular weight of the macromolecule. The question of two séecies
has often come up in density gradient studies. (In many cases there is
also the problem of more than two species.) For certain conditions
the resolution of two Gaussians with arbitrary amplitudes and band
widths has been considered and solved (2). Two criteria for resolution
were considered. One condition was that the respective maxima of the
two Gaussians be distinct; the other that the distribution has =t least

four inflection points; i.e., one Gaussian manifests itself as a shoulder.
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Although a system is "'unresolved" by our criteria, if one has a system
in which he knows that there are two species, then the general resolution
of the respective Gaussians is in principle solvable.

I have considered the problem in detail and present the results
below. 1 will outline the general six parameter problem (two amplitudes,
two band widths, and two positions) and show how it is solvable in prin-
ciple, but in practice I have not been able to find 2 convenient solution.
A solution for the case of equal band widths, but different amplitudes
and positions is outlined below. Itis very likely that a better method
can be found. The case of equal amplitudes and band widths, but dif-
ferent positions, has been solved and a generalized least squares
analysis carried out. I have written an IBM 7090 computer program
for this last case and will gladly leave it with anyone who is interested
in the problem. The last case is particularly useful for density gradient
studies of "strand-separation' for DNA. If one treats DNA with a
strong base, at pH 11, most of the thymine and guanine in the molecule
will be titrated (3). The hydrogen bonded structure will be disrupted.

To the extt;nt that cach of the two strands has a different density, the
strands will move to their corresponding dencsities. The single Gaussian
distribution for the native molecule will now broaden and become a sum
of the two Gaussians characteristic for each strand. Each strand

should be essentially the same in molecular weight and the ultravioclet

absorption for each shuuld be almost identical, Thus the two new
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Gaunssians have equal band widths and equal amplitudes. In order to
carry out a least squares analysis for this experiment, the original
DNA must be very homogeneous and breakage of the strands by action
with base must be minimal. T-7 DNA is highly homogeneous (4) and
could very well be an ideal material to look for strand separation with
the kind of analysis discussed above.

The non-interacting Gaussians are written as
2 2
-2, X =2
(x-a)) x=ay)

2 2
201 202
- Gix) = Ae T oAe #

Cne way to generate six independent equations for the six parameters,

2.9 2 _y 0,, ©
2 1

1 A _, and Az. is to evaluate integrals of the type

> s

oo
[man(x)dx forn=0ton=5.

Deifine
1 — n
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n Va EYs's)
Then,
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It is difficult to solve these six equations simultaneously for the
siz parameters. Another form for the sum of the two Gaussians may

be written

_ 2 2
X x . 14
=57 + P
Then G(0) 1t P,
= I—-\ :--= r + - = -_D ?
G(}) =P R, +P.Q.R,  G&-1)=P R, . R
Q, Q,
G(2) = 7,2, R, +P,2 2R.> G(-2)=PR pr*
11 ™ 272 "2 “ 1 22
2 2
r 3}
Q, 2,

It is also difficult to solve £o>r P's, ii's, and R's from these
equations. .BY using the first three simple equations of each kind, one
right hope for an easy solution. But the transcendental relationship
between P's, J's, and R's and the A's, o's, and a's does not afford

a simplification. The general relationship

X%

')
n n(n-l! -
Im (x-xo) G(x)dx = In- nx In—l + >3 xo 111-2

T
4 e ig-:-]i—-!’.—.- xrl +"'+onon

(n-r)ir: ¢ 7°F

may be useful. A choice of %, can make one of the integrals with an.
odd power of x' = (x-xo) vanish. It is not obvious, however, which of

the three odd power integrals will afford a simplification by choosing an
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xo such that

1)
i = [ (x-x_)
2n+1l . 0

2n+1l
" G(x)dx =0, forn=0, 1, or 2.

This last possibility has not been belabored.

For the case of 0, =0, 2 considerable simplification is

introduced. -The integral expressions now become

-t
i

+
(a 3 Az)c

i
1]

(Al_al + Azaz)o

2

‘ 2 2 2
- + £
[A1a1(3a +a1 ) Z(U +az e

-t
i

et
l

2 2 2 2
=TA \ +
Alal(Sc + &y )+_f\2a1(36 a, )b

4., 2 2 4., 2 2, 4
A + ¢ +a. )+ + 6% " +:
r 1(3c 60 a ) ) AZ(3G a7a, a )leo

-t
fl

1
We may also use the relationships

IGeg) = 1) - %41,

1(x) =1, - 2x0, + :-:0210

- x03I

2
13(x0) = 13 3:»:.012 +3x,1, 0

3 4
dx - & 3
13.013 + 6:-:0212 X4 I1 + Ka IO

14(){0) =1,

where

nw n
In(xﬂ) = l (x - xo) G(x) dx .

. + .
We choose x, = i | y Bs L l.e., (a.1 - xo) = «(a_ - xO).
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Then

Il(x{}? = (Al - ha)ao' , where a = 2, = -a,.

_ 3 2
Iz(xo)f(A1+A2)o +(A1+A2)a o
= 10(0‘2 + az)
I1.(x.)= (f:'ar_f2 + az)(bs - A )aa
3'"0 1 2

= Il(}:

if x, can be determined, then the solution for a, o, Al' and AZ is

immediate. From Iz(xo) and IB(xO) we may easily get expressions for
8% and 62, Wa then substitste inte IA(xO) = 10(304 + ba%s" 4 a4) for

aa. Ua expressions. The resultis
4L (5 00 2( )0, = 31T (x )1 = 1= ). (x)1°
4071 Yoo TTT3voTo T2t o1t ot
& - Z r -
+ 6[13(::(0)10 IZ(XO)I l(yﬂ)] j 312(x0)11(x0) Is(xo)lo]

+ [SIZ(xO)Il(xO) - 13():0)10}2

By substituting the In(xO)'s with the polynomial expansions in e and

Iq's s, we get a sixth order polynomial in Xy With the appropriate root,
then, the parameters a, o, Al. and AZ can be determined.
The analysis of the two Gaussians with equal amplitudes and

band widths is now presented. 3ince the two Gaussians are equal, the

center of gravity position x will be the origin of the system such that
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-(x' + 3)2/202 -(x' - 3)3/202‘
G(x') = Ale + e 7

where x' = x - x. Therefore, we first locate the origin x.

- -
l o xG(x) dx

M
i

.,{\-m G(x) dx

and define the new coordinate x' = x - x.

We next solve for a first approximation of the parameters A, a, and o.
I = Ac

Ao(az + aZ) = 10(62 + a?‘)

4

4 2
1= -2a 1
. 10[3(12{10)

_.%5!'3(02 + :3.2)2 - 22

i rm

T A

2" G{x') dx'

a. = i

° Vina,n)® -1,

2 _ kT &
GO -IZ/IO —\/ EI 3(12/10) Iz;/IO

Ao ® IQ/ VL1, ‘\/»?%[3(1,)110)" -1,/1, 7

The subscripts zero refer to first order approximations,

With the peramecters approximated to first order, we now
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proceed to a generalized least squares analysis (5).

A convenient form for the overall distribution function G(x) is

12 ' '
y = PR® (@7 4 2™)
where
2 iin B 2 /S
- -1/2
D= Ae~? /20; Qzealo S B /20 )
To first approximation
- 2/0_ Z
P =A ¢ 2 ?
0 0
2
L. :0/"0
<
-1/2c =
R,.=e -
0 S

Liet n be the number of measured ordered pairs, (XiYi) (.3 1,2,..4;08)
.
b4 -X +x
T’neth=yh SPR T P40 et b lukiere th

where Y and x, are the calculated points for the determined param-

h

.eters P, &, and R. Let

s, = X, - Vx
i i i

Yi - Vyi

“
L]

t

P o= ) -
¥ PO P
,Q—;io-g

Ro-r

P
1}

Now we Taylor expand_'E‘h about e ¥y P, 1, and R. Then



h h h
orF &F oF oF
- R 5 F N e X — ik
?_. dy, Yi . bx b o P o 4
; 1 i
i i
h
+* D;E; - = Fh
Ve approximate
X -X +%
. T - - i . h
= PoRyg (‘*'o 2y T 0

By least squares,
6 = ZTWeres
n Taylor

EWV sV =
6V, must satisfy the

or 3468 =
The variations of the residuals,
expansions above. By using La Grange's multipliers we solve for
o, 4, and r. The solutions arec
i i i
R -1 i oF i F -1
o = 5, F S—— L ¥ [ e L e} |
p= (EF, 5 /L), +(2F, —/L)8, 2+(?F0 R 1,3
i i i
= i «F 1 i 8F i oF -1
i i -,
i &F -1 i oF -1 i ¢F ,,~1
) F L + 2
r= ([F, 35 /L)As.l”t“o o/ Msz (27, 357%,,3
GE
ok . P
_ (X %5 Poa o . Oy (X0 Y0 Poe 290 Rp)
W‘X, WY
i i
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and 'a‘s.fxi and Wyi are the weights for the corresponding points Xi. L £

-1
The Aij are the inverse matrix elements of the matrix

, | R 2 oF,  oF, oF, eF,
% L_l (%) sl /L E5E wm W
(,Fi aFi F, 2 d‘?i oFi
4 7w i N (z7) Iy Yoo owm M
oF,  oF, oF, OF, oF,
fw o N rw® wmM Elw ’““ |

The standard deviations of the parameters a2, o, and A are calculated
frorm the inverse matrix elements in the usual way.

For the computer program I have assumed that a2 first approxi=-
caation is adequate for the least sguares analysis, If a second approxis
madon is needed, then the data are probably too crude for the detailed

analysis above.
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