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ABSTRACT 

The relative transition moment directions of adenine, guanine, 

cytosine, uracil, and thymine were determined by measuring the dichro-

ism of the molecules partially oriented in stretched polyvinyl alcohol 

sheets. Dichroic measurements of suitable derivatives of these com

pounds were utilized to resolve the ambiguity in the angle determina

tions which is inherent in this technique. A direct method for 

determining the relative positions of the transition moments has been 

developed for the case where the absorption spectrum displays three 

or more resolvable transitions. In this procedure, non-planar deriva

tives (nucleosides) are utilized. 

The first two transitions of adenine, uracil, and thymine are 

approximately perpendicular; the first two transitions of cytosine are 

approximately parallel and both perpendicular to the third transition; 

the first transition of guanine is perpendicular to the second and 

third transitions. The results further indicate that the second tran

sition of cytosine is in-plane polarized, removing the possibility that 

this transition is nitrogen n 

Abrupt changes in dichroism were apparent along the low energy 

tail of the lowest energy bands of both adenine and uracil. This indi

cates the presence of a low intensity transition in this region of the 

spectrum for both adenine and uracil. These low intensity transitions 

are not nitrogen n •it* in origin since the dichroism indicates in-

plane polarization. 

x 



INTRODUCTION 

Importance of Transition Moments 

In any theoretical consideration of molecular interaction, it 

is useful to know the transition moments of the individual molecules. 

Although experiment verifies the usefulness of molecular orbital (mo) 

calculations in the prediction of the magnitudes, no such success has 

been achieved with the directions. Not enough data are available to 

test the usefulness of mo calculations in predicting transition moment 

directions. There are four general techniques employed in the deter

mination of transition moment directions. These are as follows: 

1. Polarized absorption of single crystals. This technique 

gives absolute transition moment directions but requires knowledge of 

the molecular geometry with respect to the crystal axes which can only 

be determined by X-ray or neutron diffraction studies. Sample prepara 

tion is often difficult and crystal interactions can lead to spurious 

results (1). Thin crystals are usually required. 

2. Polarized specular reflection of single crystals. All com 

ments referring to the polarized absorption of single crystals, as men 

tioned above, also apply to this technique except for the thin crystal 

requirement. Also, extensive instrumentation is required. 

3. Polarized fluorescence. Only relative transition moment 

directions are obtainable from this technique. Misleading results 

arising from intermolecular resonance interactions are avoided since 

1 
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the compounds are studied as dilute solutions of rigid glasses. How

ever, depolarization mechanisms seriously limit the quantitative reli

ability of the measurements. 

4. Polarized absorption of partially oriented molecules. This 

technique is restricted to planar molecules and in-plane transition mo

ment directions. However, if the molecular orientation with respect to 

the laboratory axes is known, absolute transition moment directions can 

be obtained. Oftentimes ambiguous angle determinations are obtained and 

can only be resolved by applying this procedure to a suitable deriva

tive of the compound. In the present work, this approach has been em

ployed. 

Purpose 

The purpose of this study has been the determination of the 

transition moment directions and transition energies of the five purine 

bases. These bases and their derivatives are the components of deoxy

ribonucleic acid (DNA) and ribonucleic acid (RNA) which are the genetic 

materials of the cell. The study is performed primarily by measuring 

the dichroism of the molecules partially oriented in stretched poly

vinyl alcohol (PVA) sheets. The five bases ares 



3 

thymine uracil 

guanine adenine 

Pyriraidines and Purines 

Substituted purines and pyrimidines were also studied. These included 

9-methyladenine and the nucleosides, cytidine, uridine, guanosine, and 

adenosine. Nucleosides are purine and pyrimidine bases with sugar sub-

stituents. The sugars are substituted on the N-9 position of the 

purines and the N-l position of the pyrimidines. 

Nucleic Acids 

DNA and RNA are molecules which can be described structurally 

as a parallel stacking of purine and pyrimidine base pairs connected to 

a helical backbone of sugar-phosphate linkages. The key to any elec

tronic structure determination of RNA or DNA is the elucidation of the 

interaction among the stacked base pairs. Requisite to this is a 

knowledge of transition moments and transition energies of the indi

vidual bases. Polarized absorption and reflection spectra of single 
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crystals of the bases and polarized fluorescence of solutions of the 

bases have been utilized in the transition moment direction determina

tions with only limited success. 

It is hoped that the results from this study will aid the the

orists to elucidate the intermolecular interactions of the bases. 

Further, since transition moment directions of the bases are not sym

metry determined, results of this study can be used to evaluate current 

mo techniques. 

Background 

Accidental Degeneracy 

The spectra of purine and pyrimidine bases are characterized by 

two broad intense bands in the ultraviolet region, the X and Y bands. 

Two transitions are apparent in the low energy bands, the X bands of 

cytosine and guanine, while the X bands of adenine and uracil seem to 

contain only one transition. 

Mason (2), by measuring the spectra of over thirty substituted 

purines, was able to demonstrate that the X band in adenine is probably 

composite, consisting of two * transitions which are nearly degen

erate. This is an accidental degeneracy of two transitions considered 

to be derived from the and *La states of naphthalene in the Piatt 

terminology (3). 

Clark and T'inoco (4), by the application of similar arguments 

to substituted pyrimidines, were able to show that the X band of uracil 

probably consists of two * transitions. They also confirmed 

Mason's conclusions regarding adenine. 
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Magnetic circular dichroic measurements (5) unequivocally dem

onstrate the existence of two transitions in the X band of adenine. 

The possibility that one of these transitions is n -»tt * cannot be ruled 

out. 

Given the presence of two TT->TT « transitions in the X bands of 

the purines and the pyrimidines, all that remains is a determination of 

their positions, intensities, and polarizations. 

It is currently felt that the two transitions of adenine are 

considerably unequal in intensity with the more intense transition ap

proximately centered at the band peak. There is, however, a contro

versy regarding the position of the less intense transition. Some 

workers claim that the rather unpronounced shoulder on the low energy 

side of the X band is the second tt^tt * transition, while others main

tain that this transition is located on the high energy side of the X 

band. 

Mason (2) attempted to prove the latter case for purines in 

general. He showed that by the successive substitution of nitrogen 

heteroatorns in indene, the 9-methylpurine spectrum can be understood. 

This is illustrated in Figure 1. In general, the long wavelength tran

sition (^L^) increases in intensity while the short wavelength transi

tion (*"L j'- decreases in intensity with nitrogen substitution. This 

1. Actually each of these transitions are linear combinations 
of the *-La, iLb, and other states of naphthalene, but for simplicity 
the pure state term symbols will be employed. In all cases, the 
transition is taken to be the low energy transition. This is not" to 
be taken as having any real significance and is employed only for 
convenience. 



Figure 1. Comparison of spectra. 
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Figure 1. Comparison of spectra. 
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trend proceeds until finally in the spectrum of 1,3,4 triazoindene, the 

transition is more intense than the transition. With the final 

nitrogen substitution forming 9-methylpurine, two shoulders become evi

dent along each side of the major peak centered at 263 nm. Mason ig

nored the 300 nm shoulder and interpreted the 240 nm shoulder as the 

transition. This is a questionable assignment. Mason's attempt to 
ct 

relate these results to all purines is erroneous as evidenced by the 

spectrum of guanine. 

Clark and Tinoco (4), by correlation studies, attempted to dem

onstrate that ^"L is the lower intensity transition for adenine. In 
a 3 

neutral aqueous solution, 9-methylhypoxanthine exhibits a spectrum 

where the '"L transition appears as a shoulder to the more intense 

At high basicity, the two transitions completely merge under the same 

envelope yielding a spectrum very similar to that of adenine dissolved 

in trimethylphosphate. They considered this to be a reasonable result 

when the formal structures of the two compounds are compared. 

adenine 9-methylhypoxanthine anion 

To determine the relative intensities of the and transitions, 

Clark and Tinoco noted that the neutral species of 9-methylhypoxanthine 

and 9-ethylguanine possess both similar formal structures and spectra, 



i.e., a more intense L transition. Since the intensity distribution 
cl 

reverses itself for the anionic 9-ethylguanine, it was concluded that 

the same occurs for the anionic 9-methylhypoxanthine and therefore for 

adenine. This indirect reasoning is not convincing. 

The polarized absorption spectrum of 9-methyladenine has been 

measured and the results indicate that the is the weaker transition 
a 

(6). Polarized fluorescence measurements of frozen solutions of ade

nine show that the polarization ratio remains constant at 0.4 across 

the low energy portion of the X band whereupon it gradually reduces to 

0.2 along the high energy tail (7). This result is consistent with 

those of Mason and also Clark and Tinoco. 

Gueron, Eisinger, and Shulman (8) have demonstrated that, for 

adenine, the band width of absorption is less than the band width of 

fluorescence. Assuming the mirror image relation between absorption 

and emission holds, this result indicates that the emitting singlet is 

not the intense transition. 

The search for accidental degeneracy in uracil has not been ex

tensive. Stewart and Davidson (6) measured the polarized absorption 

spectrum of 1-methylthymine (1,5-dimethyluracil) and observed nearly 

uniform dichroism throughout the X band. From this result one concludes 

that if the X band consists of two transitions both have parallel polar

izations and/or there is a large disparity between the intensities of 

the two transitions. Clark and Tinoco (4), by employing their clever 

correlative techniques, propose a weak transition hidden under the 

tail of the more intense *L, transition. 



Transition Moment Directions 

The convention for describing transition moment directions in 

this work is due to Devoe and Tinoco (9). For the pyrimidines, 0 is 

the angle between the transition moment and the line connecting and 

N^; for purines, 0 is the angle between the transition moment and the 

line connecting C, and N . The sign convention of 0 is as follows: 

Pyrimidines Purines 

Polarized absorption measurements of 9-methyladenine give 0 = 

3 i 3° for the higher intensity transition of the X band. The same 

technique applied to 1-methylthymine gives 0 = 14° or -19° for the X 

band (6). Polarized reflection measurements of thymine give 0 = -19° 

for the X band and 0 -• 55° for the Y band (10). The same technique 

applied to cytosine and 1-methylcytosine gives 0 = 9 — 4° for the 

267 ran transition and 0 = 14 i 10° for the 230 nm transition (11). 

Polarized fluorescence studies of guanine and derivatives of guanine 

indicate that the two lowest energy tt-mt * transitions are approxi

mately perpendicularly polarized. 



^ -»TT * Transitions 

The purines and the pyrimidines most certainly possess nitro

gen (n,u*) states (12). These transitions are characterized by their 

weak absorption (e ~ 100) and their out-of-plane polarization (13). 

To date, not much is known concerning the position of the nitrogen 

n •* it* transitions of purines and pyrimidines. The lowest excited 

singlet of unsubstituted pyrimidine is an (n,7T<>) state (14), while for 

adenine, substituted adenines (15) and guanine (7), it is a (ttjTT''") 

state. 

The carbonyl (n,n*) state is polarized along the C=0 bond axis 

3 
and can exhibit extinction coefficients usually no greater than 10 

depending upon the extent of mixing with allowed (ir,ir*) states (16). 

Carbonyl and nitrogen n •»tt* transitions both exhibit large 

solvent shifts owing to large energy changes in the ground state. This 

fact has generally been employed in the characterization of (n,7T») 

states. This very argument was used by some workers (5, 17, 18, 19) in 

suggesting that the 240 nm transition in cytosine is n -»tt* in nature. 

This, however, is not conclusive and will be discussed later. 



TRANSITION MOMENT DETERMINATIONS 

Materials 

Purine, Pyrimidines, 
and Nucleosides 

These compounds were obtained from two sources and were used 

without further purification. Their absorption spectra were measured 

in water with no evidence of impurities present. 

The sources and grades of the compounds were: 

a) Calbiochem (A grade) 

Adenine Lot No. 104886 

Uridine Lot No. 50173 

Guanosine Lot No. 510634 

b) Cyclo Chemical Corporation (Grade I) 

9-Methyladenine Lot No. R-5299 

Adenosine Lot No. H-1793 

Thymine Lot No. H-1796 

Uracil Lot No. R-5161 

Guanine Lot No. H-1586 

Cytosine Lot No. R-5361/R 

Cytidine Lot No. H-1773 

The polyvinyl alcohol (PVA) was purchased from E. I. DuPont 

deNemours and Co., Inc., under the trade name Elvanol, Grade 70-05. 

•It was used without purification. 

11 



Dichroic Measurements 

Principles of Dichroic Analysis 

A method for the determination of relative and in some cases 

absolute transition moment directions has been developed by Tanizaki 

(20, 21). It utilizes the dichroic spectral measurements of molecules 

oriented in stretched polyvinyl alcohol (PVA) sheets. The complete 

derivation is presented in Appendix A. This method has been extended 

and employed in the study of purine and pyrimidine bases. 

Molecules which are dissolved in a PVA sheet will tend to ori

ent if the sheet is stretched along an axis. Tanizaki has developed 

an expression which relates the amount of stretching of the sheet, or 

stretch ratio Rg, to the degree of orientation of the molecules. This 

assumes that the molecule possesses a unique orienting axis which tends 

to align itself parallel to the stretch axis of the PVA sheet. The 

mathematical model considers an imaginary sphere of substrate defined 

by unoriented unit vectors which represent the unique orienting axes of 

the dissolved molecules in the unstretched PVA sheet. Upon stretching 

the sheet, the vectors tend to orient parallel to the stretch axis of 

the sheet and the sphere is deformed into an ellipsoid of equal volume. 

Thus, a stretch ratio, R , is defined as the ratio of the major to the 
s 

minor axes of the ellipsoid. Relating these considerations with those 

concerning transition moment directions, the following expressions are 
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, 2 = 2(T - 1) + (T + l)Rfl . 
L 2T + (T - 1)R, ' 

d 

R2 

T = [1 tan-1(R2-l)"^} (R^-l)"^] , 
R — 1 1 s s 
s 

Rd ~ Dll/Dl ' 

r = cot 6 . 

Dj^ and are the optical densities of the partially oriented mole

cules with incident radiation polarized parallel (ll) and perpendicu

lar (1), respectively, to the stretch axis. The angle 9 is between 

the transition moment direction and the orienting axis of the molecule. 

This assumes that the orienting axis is unique in each molecule and 

equivalent in all molecules. The invariance of 6 with respect to Rg 

would tend to justify this assumption (21). 

The relative transition moment directions are determined by: 

»+ = «A±9B. 

where 9^ and 9^ are the angles between the orienting axis and the ab

solute transition directions, A and B, respectively (22). There are 

two possibilities for the relative transition moment directions: 9_j_ 

and 9_. This situation arises because of the uncertainty regarding the 

disposition of 9^ and 9^ with respect to the orienting axis, i.e., 

and 9n measured either clockwise or counterclockwise from the orient-D 

ing axis. The ambiguity of 0+ is seen from the following: 
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A method for resolving this ambiguity is to change the orienting axis 

without altering the relative transition moment direction (22). This 

can be accomplished by judiciously placing substituents on various 

positions of the molecule. 

Also apparent from the diagram is the requirement of coplanar-

ity of the transition moment directions and the orienting axis. All 

singlet transitions of a planar tt-electron system are in-plane 

polarized. That the orienting axis vector is also in-plane has been 

determined by Tanizaki (22). Hence, dichroic measurements of a mole

cule with a TT-planax system and of a suitable derivative yield un

ambiguous relative transition moment directions. Further, if the posi

tion of the orienting axis with respect to the molecular coordinates is 

known, absolute transition moment directions are then obtained. For 

example, it is reasonable to consider the orienting axis of a long 

molecule to coincide with the long axis of the molecule (23, 24). 



In special cases, dichroic measurements of derivatives that do 

not possess a coplanar orienting axis can be useful in resolving any 

ambiguities. The only additional requirement is the presence of at 

least three coplanar transitions. An example is the cytosine-cytidine 

pair. The sugar group of the cytidine does not appreciably interfere 

with the electronic structure of the Tr-system but does destroy the 

total planar conformation of the molecule. It is then impossible to 

predict anything about the position of the orienting axis of cytidine, 

A technique for analyzing such cases has been developed in the course 

of the present work and will now be discussed. 

Consider a planar molecule which possesses three in-plane tran

sitions: A, B, and C. Conventional dichroic analysis of this system 

gives four transition moment direction schemes: 1. 9^ + 9^, 9^ + 9^,; 

2- eA + V eA " 6C' 3" " V 8A + V a"d eA " V 0A " V 

Scheme 1 is shown in Figure 2a. Note that the orienting axis is in-

plane. The transition moment vectors of a suitable non-planar deriva

tive can be superimposed on this scheme so that the corresponding tran

sition moment directions coincide assuming no significant electronic 

structure change upon substitution. This is demonstrated in Figure 2b. 

Hence, A, B, and C are parallel to A1, B1, and C', respectively, but 

the orienting axis of the derivative is not located in the plane of the 

transition moment directions. However, the orienting axis is posi

tioned at angles , 9^,, and 9c,from transitions A1, B', and C1, 

respectively, as determined from conventional dichroic analysis of the 

derivative. Therefore, considering only transition A', a right 



Figure 2. Intersecting cones. 

(a) The relation between the transition moments A, B, and C to the 
orienting axis for the 9^ + 9g, 9^ + 9^ scheme. 

(b) The transition moments A', B1, and C' of the non-planar deriva
tive. If the correct scheme is being described, A1, B', and C' 
coincide with A, B, and C, respectively. 

(c) The intersection of the cones of A' and B' is the dotted line 
which represents the orienting axis of the non-planar deriva
tive. The cone about C' also intersects on the dotted line but 
is omitted for clarity. 
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C.C' 

Figure 2. Intersecting cones. 
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circular cone is drawn about transition A1 with its surface at an angle 

9^, from transition A1. The orienting axis lies somewhere on the sur

face of this cone passing through the origin. Similarly, right circu

lar cones about transitions B" and C' are drawn (see Figure 2c). These 

restrictions on the position of the orienting axis aid in choosing the 

correct scheme. If the three cones intersect on the same line, then 

the scheme being described is the correct one and that intersection 

line is the orienting axis. This is essentially the simultaneous solu

tion of three equations which describe cones. Any incorrect scheme 

does not result in a solution; i.e., the three cones do not intersect 

on the same line except by accident. A rigorous mathematical procedure 

for the determination of the intersection of ccnes is presented in 

Appendix B. 

Ideally, the cones intersect on a single line. Experimental 

error and the small changes in electronic structure due to the substit-

uent combine to cause deviations from colinearity. However, these de

viations have been found to be small in the systems studied. 

Occasionally, more than one scheme may seem reasonable, and it is then 

necessary to employ independent evidence in the choice of the correct 

scheme. This procedure will be discussed in more detail later. 

A diagrammatic representation of the cone analysis procedure 

has been developed. It utilizes the projection of the transition mo

ment direction lines and their respective cones onto a sphere centered 

at the origin. The projections of the lines representing the transi

tion moment directions are points lying on a great circle of the 
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sphere. The projections of the cones on the sphere are circles whose 

centers are the projected points. Hence, a transition moment direc

tion line and its respective cone are represented on the sphere as a 

circle and a point at the center of the circle. 

A section of the surface of the sphere can be stretched out 

into a plane as is shorn in Figure 3. The circles intersecting at a 

point represent the cones intersecting on a line. Linear distance on 

this plane can be seen to be directly proportional to angle. Therefore, 

the distances between the points of intersection of the circles are di

rectly related to the angles between the lines formed by the intersec

tion of the cones. If the scheme diagrammed in Figure 3 were correct, 

then ideally H' = a = y = 0. In a general procedure, all possible 

schemes are diagrammed, and by measuring the distances between the 

intersections, the correct scheme is chosen. In this study, the dia

grams were drawn employing the following relation: 1 cm = 2°. This 

was done to determine the effect of measurement uncertainties on the 

conclusions. 

It is now helpful to go through a diagrammatic cone analysis. 

Consider the following transition moment direction scheme for a planar 

molecule: 



A,A' B.B' C,C' 

Figure 3. The intersections of cones on the sphere; angles a, Y, and Y are between the inter
sections of cones A' and B', A' and C', C* and B'. 
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(orien+ing axis) 

The angles 9^, 9g, and 6^ are determined by conventional dichroic anal

ysis of the planar molecule. The transition moment direction of tran

sition A is depicted by the line A^A^ and can point in either direction 

since polarization experiments only measure the square of the transition 

moment. Thus, the angle that transition A makes with the orienting 

axis can be considerpd to be either 9^ or it - 9^. Hence, identical 

cones should be drawn about A^ and A^s each having an apex at the origin 

and extending in opposite directions. This is valid for the other two 

transitions as well. 
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It should be noted that the angle between and (9^ + 9^) 

is obtuse while the angle between and (TT - 9^ + 9^,) is acute. It 

is then possible that the cone about A^ does not intersect the cone 

about but does intersect the cone about C^. 

If a sphere is constructed about the origin, each transition 

moment direction and the orienting axis would pierce it in two places 

on a great circle of the sphere. If that great circle is stretched out 

into a straight line, the following diagram is obtained. 

C2 A, B, (o. q .), C, A2 B2 (o.a.)2 

-o o o o © o o o-

There are then two possible intersection schemes to consider when con

structing the circles, which are the cone projections about these 

\ 

points: namely, A^ - B^ - (o.a.)^ - which is equivalent to A^ -

I$2 - (o.a.)^ - or ^2 ~ A1 " ̂ 1 " which is equivalent to 

- A^ - - (o.a,)^. Both intersection schemes are possible solu

tions, and both should be considered. It is possible that the circles 

about A^, B^, and do not intersect at a single point, while the same 

circles about A^, B^, and do intersect at a point. Thus, all eight 

possibilities.should be considered. 
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Sample Preparation 

Depending on molar absorptivity, a quantity of solute and four 

grams of PVA powder were dissolved in 150 ml of water. A six-ml por-

2 
tion of the resulting solution was transferred onto a 5x5 cm glass 

plate and allowed to air dry for at least 36 hours. The sample was 

then warmed with a heat gun for a few seconds to insure dryness. The 

PVA sheet was torn from the glass plate and checked visually to deter

mine the extent of light scattering caused by undissolved solute. Only 

those samples without any evident light scattering were used. 

Two pairs of marks were made on the sheet with a pen at one 

centimeter intervals: one pair along the proposed stretch direction 

and one pair normal to it. A two-centimeter circle was drawn about the 

two pairs of points. The circle encloses a region of the sample that 

was to be employed in the spectral measurements. This is depicted in 

Figure 4a. The thickness of the sample within the border of the circle 

was determined by a micrometer. The measurements were made at four 

different regions within the circle to test for uniformity of sample 

thickness. By attaching two metal clamps at opposite edges, the sample 

was stretched along the stretch axis. A heat gun was used to facili

tate stretching, though the temperature of the sample was never allowed 

to exceed 110°C. This was determined by placing a thermometer in front 

of the sample while warming. Figure 4b shows the sample after stretch

ing. The circle was transformed into an ellipse and the intervals be

tween the two marks of each pair lengthened if parallel or shortened if 

perpendicular to the stretch axis. The ratio of the long to the short 



(a)  Unsfrefched 

PVA Sheef 

Figure 4. The PVA sample 

( b )  Affer Sfretching 

stretching. n> 
lo 
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interval gave the stretch ratio, R . In the development of the Tani-
s 

zaki equation, it was assumed that upon stretching the PVA sheet, an 

imaginary sphere distorts into an ellipsoid of equal volume. This is 

tantamount to saying that the volume of the sphere whose projection is 

the circle in the plane of the sheet is equal to the volume of the el

lipsoid formed upon stretching (21). Thus, 

4TT/3 (l)3 = 4TT/3 (ab2) 

a and b are the long and short intervals, respectively, in centi

meters. This relation was verified experimentally as shown in Figure 

5. 

A circular section, approximately 1.3 cm in diameter at the 

center of the sample, was cut out. Its thickness was measured again 

at four regions to determine the average thickness and uniformity of 

thickness. In general, the thickness before stretching was approxi

mately 0.0015 in and, depending on Rg, about one-half as thick after 

stretching. Since the thickness of the sample and the interval per

pendicular to the stretch axis are both measures of the minor axis of 

the imaginary ellipsoid, both should decrease after stretching in the 

same ratio (25). Thus, 

d = (w/l)/(t/tQ) = 1 , 

where w is the shortened interval, and t and t are the thicknesses 
' o 

before and after stretching. Figure 6 demonstrates the experimental 

verification of this expression. 



0.9 

0.6 t-

0.3 

0.0 

a 

Figure 5. The minor axis, b, vs. the major axis, a, of the ellipsoid. 
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Figure 6. The ratio of contraction of the width and thickness of the sample 
as a function of stretch ratio. 
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To summarize, the following criteria were employed in the de

termination of usable samples: 

a. no visual light scattering 

b. uniformity of thickness to within 0.0001 inches 

c. 1.1 > d > 0.9 

d. 1.1 > ab2 > 0.9 

Spectral Measurements 

All measurements were made on a Cary 14 spectrophotometer. The 

samples were placed in a sample holder as diagrammed in Figure 7a. The 

sample holder was secured in the spectrophotometer sample compartment 

with the Glan Polarizer as shown in Figure 7b. 

The spectral measurements were carried out using no reference 

o 
sample and were made at 25 A intervals in the absorption region and 

o 
100 A intervals just above the absorption region. This was done in 

order to establish a baseline. The transmission axis direction of the 

polarizer was determined with a polarizing microscope. The polarizer 

was oriented so that the transmission axis was parallel to the floor of 

the sample compartment. By rotation of component B of the sample 

holder, the sample was oriented with its stretch axis either parallel 

(11) or perpendicular (l) to the transmission axis of the polarizer. 

The short interval stretch lines of the sample were used as alignment 

guide lines. Since the cross section of the light beam was rectangu

lar, different orientations of the sample resulted in different por

tions of sample being exposed to the light beam. This necessitates the 

uniformity of thickness requirement. The 11 and 1 measurements, after 



Figure 7. PVA sheet and holder (a) and configuration in the 
sample compartment (b). 

(a) PVA sheet and holder. The PVA sheet, C, and a teflon ring, B, 
are fitted into component D of the holder. Component A screws 
into D and secures the PVA sheet. D fits snugly into E which 
is held in place in the sample compartment of the Cary 14 by 
a dowel. D can rotate in E so as to change the orientation of 
the PVA sheet. 

(b) Configuration of the sample compartment. The PVA sheet and 
holder are secured in the sample compartment of the Cary 14. 
The Glan polarizer, F, is placed before the sample holder. 
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correcting for PVA absorption, reflection and polarizer absorption, 

were used in the c Ic.ulation of the dichroic ratio. R,, of the solute 
d 

as a function of \ length. These corrections were determined as a 

function of wavelc.i.^th by performing the spectral measurements on pure 

stretched PVA sheets and the polarizer. In the stretch ratio and sheet 

thickness limits employed in these experiments, it was observed that 

the corrections as a function of wavelength were independent of Rg and 

linearly proportional to the sheet thickness. There is a non-zero 

correction at zero sheet thickness caused by sheet reflection and polar

izer absorption. Separate corrections were determined for the 11 and 1 

cases. 

The optical densities of the solute were determined from the 

following expressions: 

d11 = d1* - x*1 c1^ 

o 

and 

D1 - D1 - xj C £ 
o 

where and D"^* are the corrected optical densities at wavelength for 

the 11 and J. cases and and D"*" are the uncorrected optical densities 

at wavelength and thickness t of the sample. The primary correction 

terms and C*" are optical densities at and at an arbitrary sheet 
o o 

thickness to> These values were obtained from spectral measurements of 

the polarizer and a pure stretched PVA sheet of thickness t (= .0075 in), 

In order to adjust the primary correction terms to other sheet thick

nesses, multiplication by factors X^ and X"^ was necessary. These 
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factors were determined empirically and are reported in Figure 8 as a 

function of sheet thickness. Appendix D gives a complete mathematical 

description for the determination of the correction factors. 

Isotropic Spectra 

The spectra of the compounds dissolved in unstretched PVA 

sheets, prepared in the usual way, were measured with a Cary 14 record

ing spectrophotometer. The sheets were secured in the same manner as 

the stretched samples. Although no reference sample was used, PVA ab

sorption and reflection were determined by measuring the spectra of 

pure unstretched PVA sheets of the same thickness. The corrected spec

tra were thus obtained by difference of absorbences as a function of 

wavelength. 

Circular Dichroic Spectrum 

The circular dichroic spectrum of uridine was measured by the 

Cary 60 recording spectropolarimeter. The uridine was dissolved in 

PVA and the unstretched sample mounted in the sample holder that was 

described previously. The baseline was accounted for by measuring the 

circular dichroic spectrum of a pure unstretched PVA sample of equal 

thickness. 

The spectrum is reported using ellipticity, [©] vs. wavelength, 

since an accurate determination of the extinction coefficient of uridine 

dissolved in PVA is impossible. 
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Figure 8. The correction factor for the 11 and 1 cases as a function of sample thickness. 



RESULTS 

Figures 9 through 28 show the isotropic spectra and representa

tive dichroic spectra of all of the compounds studied. The lettered 

regions indicate the positions of distinct transitions and possible 

hidden transitions. 

Tables 1 through 10 give the dichroic ratio (R^) as a function 

of frequency for all of the dichroic measurements. The angles between 

the transition moment directions and the orienting axes along with the 

sets of data employed in the calculation of these angles are reported 

in Table 11. 

Adenine, 9-Methyladenine, Adenosine 

It can be seen from Tables 1, 2, and 3 that the relative tran

sition moment direction possibilities for adenine*are: 

eA + eB 
=  94*6° '  85*4° 

0a - 9b = 3.0° 

The relative transition moment direction possibilities for 

9-methyladenine are: 

9. + 9_ = 94.6° , 85.4C 
A B ' 

ga  - eB - 7.2° . 

1. Only the transition moment squared can be determined by ex
periment and hence angle complements can be used. The angle that is 
less than 90° is reported in this dissertation. 
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Figure 9. Isotropic spectrum of adenine. 
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Figure 12. Dichroic spectrum of 9-methyladenine. 
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Figure 13. Isotropic spectrum of adenosine. 
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Figure 15. Isotropic spectrum of uracil. 



_a> 

0 o 
o o 
to 

>n 
u 
o 

_o 
s_ 
o 

O  

0 
32 

C A 

o-a-cu 
•-•—o—•—i^\a—•—•—D—•—g n. _ 

\ 

x ICT3) 

Figure 16. Dichroic spectrum of uracil. 
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Figure 17. Isotropic spectrum of uridine. 
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Figure 18. Dichroic spectrum of uridine. 
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Figure 20. Dichroic spectrum of thymine. •p* 
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Figure 22. Dichroic spectrum of cytosine. 
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Figure 23. Isotropic spectrum of cytidine. 
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Figure 24. Dichroic spectrum of cytidine. » 
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Figure 26. Dichroic spectrum of guanine. 



\ 
\ 

36 38 40 42 

V ( cttr1 x ̂  10~3) 

Figure 27. Isotropic spectrum of guanosine. 
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Table 

(cm 

35088 

35397 

35714 

36036 

36364 

36697 

37037 

37383 

37736 

38095 

38462 

38835 

39216 

39604 

40000 

40404 

40816 

41237 

41667 

42105 

42553 

43011 

43478 

43956 

44444 

44944 

45455 

45977 

Dichroic ratio as a function of frequency for adenine. 

R = 6.42 R = 7.57 R = 8.18 R = 9.18 R = 10.35 
s s s s s 

1.52 — -- — 

1.50 — 1.54 1.68 --

1.58 1.58 1.63 1.67 1.75 

1.58 •1.57 1.59 1.70 1.75 

1.56 1.57 1.59 1.66 1.74 

1.69 1.56 1.57 1.67 1.73 

1.57 1.57 1.58 1.65 1.74 

1.56 1.57 1.59 1.65 1.73 

1.55 1.57 1.58 1.65 1.73 

1.56 1.57 1.58 1.65 1.72 

1.56 1.57 1.61 1.64 1.71 

1.56 1.57 1.58 1.64 1.71 

1.56 1.55 1.58 1.64 1.70 

1.57 1.55 1.55 1.62 1.71 

1.50 1.54 1.55 1.61 1.71 

1.54 1.53 1.56 1.64 1.69 

1.55 1.53 1.53 1.60 1.68 

1.52 1.51 1.53 1.57 1.68 

1.50 1.50 1.53 1.55 1.63 

1.44 1.45 1.48 1.50 1.59 

1.47 1.42 1.45 1.41 1.58 

1.46 1.40 1.46 1.45 1.55 

1.43 1.33 1.40 1.31 1.51 

1.46 1.39 1.43 1.40 1.53 

1.43 1.41 1.66 1.48 1.52 

1.44 1.40 1.44 1.43 1.48 

1.41 1.37 1.41 1.39 1.45 

1.38 1.38 1.36 1.37 1.45 
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Table 1.--Continued 

(cm 1) 
R = 10.68 

S* d  

R = 11.09 R = 15.95 R = 5.03 

S*a 

R = 6. 

35088 -- -- 1.70 1.45 1.62 

35397 — 1.57 1.72 1.44 1.62 

35714 1,70 1.74 1.84 1.50 1.70 

36036 1.69 1.74 1.80 1.50 1.71 

36364 1.67 1.72 1.78 1.43 1.67 

36697 1.65 1.71 1.75 1.39 --

37037 1.66 1.71 1.76 — — 

37383 1.66 1.72 1.74 — — 

37736 1.65 1.71 1.74 — — 

38095 1.66 1.71 1.74 -- --

38462 1.65 1.71 1.72 — --

38835 1.65 1.70 1.74 -- --

39216 1.64 1.70 1.73 — — 

39604 1.65 1.68 -- 1.47 1.63 

40000 1.63 1.67 — 1.44 1.73 

40404 1.66 1.68 1.73 1.43 1.60 

40816 1.65 1.64 1.72 1.42 1.56 

41237 1.61 1.63 1.69 1.38 1.56 

41667 1.60 1.60 1.68 1.38 1.60 

42105 1.59 1.53 1.64 1.36 1.52 

42553 1.52 1.47 1.61 1.29 1.47 

43011 1.57 1.43 1.62 1.23 1.48 

43478 1.53 1.47 1.54 1.27 1.54 

43956 1.55 1.38 1.01 1.25 1.38 

44444 1.58 1.43 1.61 1.30 1.48 

44944 1.52 1.42 1.56 1.32 1.48 

45455 1.46 1.36 1.48 1.30 1.40 

45977 1.40 1.37 -- - - --

46512 1.37 -- --
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(cm *) 
R = 8.00 

s r a  

R = 8.50 R = 9.27 

s* d  

R = 10.98 R = 11.04 

s r d  

35088 - - -- 1.68 1.65 

35397 - - 1.70 1.66 1.73 1.66 

35714 1.64 1.77 1.69 1.78 1.78 

36036 1.70 1.77 1.78 1.7.9 1.76 

36364 1.64 1.76 1.75 - - 1.62 

36697 1.62 1.73 1.75 — - -

37037 1.65 — — — — 

37383 — — — - - — 

37736 — — — — - -

38095 — - - — — — 

38462 — — - - — — 

38835 1.62 — — — — 

39216 1.69 — 1.67 — — 

39604 1.61 1.68 1.80 — — 

40000 1.60 1.68 1.66 - - 1.67 

40404 1.59 1.68 1.65 - - 1.64 

40816 1.61 1.66 1.61 1.71 1.62 

41237 1.57 1.63 1.59 1.64 1.60 

41667 1.57 1.61 1.57 1.60 1.60 

42105 1.49 1.58 1.53 1.54 1.62 

42553 1.55 1.57 1.71 1.56 1.53 

43011 1.48 1.58 1.57 1.50 1.42 

43748 1.41 1.52 1.49 1.54 1.43 

43956 1.50 1.57 1.56 1.45 1.41 

44444 1.45 1.54 1.46 1.45 1.47 

44944 1.50 1.52 1.45 1.46 1.45 

45455 1.41 1.46 1.44 — 1.42 

45977 _ _  _ _ 



Table 

(cm 

34783 

35088 

35397 

35714 

36036 

36364 

36697 

37037 

37383 

37736 

38095 

38462 

38835 

39216 

39604 

40000 

40404 

40816 

41237 

41667 

42105 

42553 

43011 

43478 

43956 

44444 

44944 

45455 

45977 

56 

Dichroic ratio as a function of frequency for 9-methy1-
adenine. 

R = 6.00 R = 8.24 R = 9.04 R = 10.00 R = 10.44 

Rd Rd Rd Rd Rd 

1.69 - - - -  • - - - -

1.77 1.93 — — 1.94 

1.77 1.89 — — 1.93 

1.80 1.89 — 2.08 1.92 

1.76 1.82 1.86 1.98 1.90 

1.76 1.78 1.86 1.96 1.90 

1.74 1.76 1.83 1.94 1.96 

1.73 1.76 1.84 1.96 1.87 

1.71 1.74 2.15 1.92 1.85 

1.71 1.73 1.79 1.93 1.82 

1.72 1.73 1.79 1.92 1.82 

1.69 1.73 1.79 1.89 1.83 

1.69 1.72 1.78 1.90 1.82 

1.68 1.73 1.78 1.88 1.83 

1.68 1.76 1.77 1.86 1.90 

1.66 1.76 1.78 1.83 1.79 

1.63 1.69 1.71 1.80 1.75 

1.59 1.65 1.70 1.75 1.72 

1.57 1.62 1.64 1.75 1.70 

1.51 1.63 1.62 1.72 1.65 

1.45 1.61 1.55 1.64 1.62 

1.42 1.51 1.48 1.56 1.55 

1.30 1.52 1.45 1.55 1.46 

1.26 1.44 1.34 1.42 1.35 

1.26 1.43 1.10 1.35 1.37 

1.21 1.33 1.23 1.33 1.25 

1.24 1.26 1.19 1.29 1.20 

1.21 1.28 1.17 1.25 1.20 

1.27 1.21 1.27 1.20 
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(cm 1) 
R = 12.68 R = 8.47 R = 9.04 

S Rd 

R = 9.68 
5« d  

R = 12.34 

S*a 

34783 -- - - -- 2.10 2.19 

35088 — 1.99 1.95 2.12 2.26 

35397 2.25 1.94 1.92 2.08 2.19 

35714 2.24 1.91 1.93 2.05 2.17 

36036 2.10 1.86 1.87 2.01 2.11 

36364 2.10 1.82 1.83 1.95 2.06 

36697 2.06 — 1.82 — - -

37037 2.06 — 1.80 — — 

37383 2.05 — 1.79 -- — 

37736 2.02 — — — — 

38095 2.03 — - - - - - -

38462 2.02 — — — — 

38835 3.40 — 1.75 -- — 

39216 1.99 — 1.73 — — 

39604 1.98 — 1.73 — — 

40000 2.03 1.73 1.72 1.82 1.90 

40404 1.95 1.67 1.69 1.82 1.90 

40816 1.92 1.68 1.69 1.78 1.86 

41237 1.94 1.64 1.65 1.75 1.81 

41667 1.92 1.63 1.61 1.72 1.77 

42105 1.91 1.59 1.57 1.67 1.74 

42553 1.85 1.56 1.51 1.61 1.67 

43011 1.84 1.52 1.46 1.58 1.61 

43478 1.77 1.44 1.39 1.52 1.52 

43956 1.69 1.42 1.36 1.44 1.49 

44444 1.49 1.37 1.29 1.38 1.40 

44944 1.36 1.30 1.25 1.31 1.32 

45455 1.29 — 1.22 — — 

45977 1.30 — — — 

46512 1.31 — — — — 
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Table 3. Dichroic ratio as a function of frequency for adenosine. 

-1 R - 6.47 
(cm ) s R 

R = 7.42 R = 9.44 
S R, 

R = 9.75 R =10.43 

s r d  

R =13.49 

34783 1.57 1.63 - - . — 1.68 — 

35088 1.57 1.67 1.75 1.74 1.69 - -

35397 1.57 1.63 1.75 1.77 1.69 1.86 

35714 1.61 1.67 1.85 - - 1.76 1.93 

36036 1.58 1.64 1.78 1.78 1.70 1.84 

36364 1.58 1.62 1.78 1.77 1.70 1.87 

36697 1.56 1.62 1.91 1.78 1.70 1.88 

37037 1.58 1.63 1.78 1.79 1.70 1.88 

37383 1.56 1.62 1.79 1.80 1.70 1.86 

37736 1.56 1.62 1.79 1.79 1.71 1.88 

38095 1.57 1.63 1.81 1.81 1.71 1.88 

38462 1.55 1.63 1.81 1.80 1.70 1.89 

38835 1.57 1.63 1.79 1.80 1.71 1.87 

39216 1.56 1.62 1.78 1.79 1.70 1.85 

39604 1.56 1.59 1.77 1.78 1.70 1.85 

40000 1.57 1.62 1.77 1.79 1.68 1.84 

40404 1.55 1.63 1.74 1.76 1.69 1.83 

40816 1.55 1.62 1.69 1.76 1.68 1.80 

41237 1.53 1.60 1.68 1.74 1.68 1.73 

41667 1.52 1.61 1.64 1.72 1.51 1.75 

42105 1.51 1.63 1.59 1.67 1.63 1.71 

42553 1.49 1.62 1.49 1.63 1.59 1.67 

43011 1.46 1.49 1.43 1.58 1.58 1.62 

43478 1.32 1.52 1.24 1.47 1.44 1.52 

43956 1.34 1.47 1.23 1.39 1.45 1.46 

44444 1.30 1.38 1.17 1.25 1.38 1.30 

44944 1.26 1.32 1.16 1.25 1.33 1.26 

45455 1.24 1.27 1.19 1.23 1.34 1.27 

45977 1.26 1.28 1.23 1.25 1.36 1.26 

46512 1.29 1.46 1.24 1.27 1.34 1.29 



Table 

(cm 

34783 

35088 

35397 

35714 

36036 

36364 

36697 

37037 

37383 

37736 

38095 

38462 

38835 

39216 

39604 

40000 

40404 

40816 

41237 

41667 

42105 

42553 

43011 

43478 

43956 

44444 

44944 

45455 

45977 

46512 
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Dichroic ratio as a function of frequency for uracil. 

R = 6.09 R = 7.12 R = 8.50 R = 9.48 R = 11.32 
S n S „ S T) S _ S T1 

1.45 -- -- -- 1.7 2 

1.49 — 1.61 — 1.78 

1.47 1.52 1.55 1.68 1.72 

1.49 1.51 1.57 1.65 1.77 

1.46 1.49 1.52 1.63 1.71 

1.46 1.49 1.51 1.65 1.72 

1.45 1.48 1.57 1.62 1.68 

1.45 1.49 1.58 1.61 1.66 

1.44 1.46 1.50 1.60 1.66 

1.44 1.46 1.49 1.56 1.66 

1.42 1.44 1.49 1.55 1.66 

1.42 1.44 1.48 1.55 1.64 

1.42 1.45 1.48 1.55 1.64 

1.43 1.44 1.48 1.56 1.64 

1.42 1.34 1.46 1.57 1.62 

1.42 1.44 1.50 1.55 1.63 

1.41 1.31 1.54 1.56 1.62 

1.40 1.42 1.50 1.58 1.61 

1.40 1.46 1.46 1.55 o. 63 

1.40 1.42 1.44 1.54 1.61 

1.36 1.41 1.50 1.54 1.62 

1.34 1.62 1.50 1.49 1.59 

1.37 1.92 1.47 1.51 1.59 

1.31 1.41 1.45 1.44 1.50 

1.31 1.36 1.46 1.45 1.46 

1.26 1.27 1.36 1.31 1.42 

1.25 1.27 1.36 1.62 1.36 

1.24 1.25 1.40 1.30 1.34 

1.24 1.25 i. 28 1.29 1.32 

— 1.28 — 1.33 
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Table 4.--Continued 

' -i R = 12.05 R = 12.51 R = 12.93 R = 13.81 
(cm ) s  R sR s s 

d d d d 

34783 -- -- — --

35088 — — — — 

35397 1.64 1.66 1.62 1.63 

35714 1.68 1.67 1.63 1.71 

36036 1.57 1.62 1.65 1.67 

36364 1.59 1.62 1.53 1.67 

36697 1.61 1.61 1.58 1.64 

37037 1.60 1.60 1.59 1.65 

37383 1.58 1.59 1.53 1.66 

37736 1.57 1.57 1.51 1.70 

38095 1.57 1.58 1.51 1.62 

38462 1.56 1.57 1.50 1.62 

38835 1.57 1.55 1.50 1.61 

39216 1.58 1.55 1.49 1.58 

39604 1.61 1.55 1.47 1.60 

40000 1.64 1.55 1.55 1.58 

40404 1.63 1.75 1.44 1.56 

40816 1.63 1.53 1.50 1.53 

41237 1.62 1.54 1.43 1.58 

41667 1.61 1.45 1.44 1.54 

42105 1.60 1.54 1.52 1.52 

42553 1.64 1.51 1.52 1.47 

43011 1.62 1.51 1.47 1.44 

43478 1.56 1.60 1.43 1.32 

43956 1.51 1.40 1.43 1.35 

44444 1.39 1.37 1.31 1.32 

44944 1.42 1.26 1.13 1.26 

45455 1.34 1.32 1.25 1.31 

45977 1.34 1.28 1.25 1.26 

46512 1.32 1.28 ... --



Table 

(cm 

34483 

34783 

35088 

35397 

35714 

36036 

36364 

36697 

37037 

37383 

37736 

38095 

38462 

38835 

39216 

39604 

40000 

40404 

40816 

41237 

41667 

42105 

42553 

43011 

43478 

43956 

44444 

44944 

45455 

45977 

46512 

47059 

61 

Dichroic ratio as a function of frequency for uridine. 

R = 8.30 

Rd 
s R 

Rd S Rd 
s R 

Rd 

- - - - 1.66 - - - -

— — 1.63 — 1.79 

1.56 1.62 1.67 1.75 1.74 

1.52 1.59 1.63 1.73 1.79 

1.51 1.62 1.67 1.73 1.78 

1.52 1.60 1.75 1.76 1.68 

1.54 1.58 1.68 1.72 1.70 

1.51 1.60 1.68 1.78 1.73 

1.51 1.61 1.68 1.72 1.73 

1.49 1.58 1.66 1.74 1.72 

1.50 1.57 1.65 1.71 1.72 

1.51 1.59 1.66 1.72 1.73 

1.46 1.57 1.66 1.72 1.71 

1.50 1.57 1.66 1.73 1.73 

1.52 1.58 1.66 1.74 1.72 

1.49 1.56 1.65 1.69 1.70 

1.50 1.57 1.65 1.68 1.68 

1.51 1.55 1.73 1.66 1.67 

1.49 1.57 1.62 1.68 1.70 

1.49 1.56 1.63 1.64 1.71 

1.40 1.55 1.64 1.66 1.65 

1.46 1.54 1.62 1.65 1.70 

1.35 1.54 1.59 1.59 1.67 

1.33 1.50 1.60 1.55 1.67 

1.35 1.41 1.49 1.46 1.52 

1.35 1.48 1.47 1.43 1.49 

1.33 1.41 1.41 1.47 1.41 

1.29 1.33 1.38 1.36 1.33 

1.28 1.31 1.37 1.41 1.48 

1.2.8 1.33 1.35 1.36 1.36 

1.26 1.32 1.37 1.34 1.40 

1.35 



Table 6. Dichroic ratio as a function of frequency for thymine. 

(cm 1) 
R = 5.44 

S R
d  

R = 6.21 

S*d 

R = 7.31 

S Rd 

R = 8.00 R = 12 

36036 1.30 1.34 1.46 1.39 1.45 

36364 1.29 1.34 1.45 1.40 1.43 

36697 1.30 1.34 1.45 1.38 1.41 

37037 1.30 1.34 1.46 1.38 1.41 

37383 1.31 1.35 1.45 1.39 1.42 

37736 1.32 1.31 1.41 1.38 1.43 

38095 1.30 1.35 1.48 1.43 1.43 

38462 1.31 1.35 1.47 1.40 1.42 

38835 1.30 1.34 1.47 1.42 1.43 

39216 1.30 . 1.34 1.47 1.38 1.44 

39604 1.29 1.36 1.48 1.39 1.46 

40000 1.33 1.37 — 1.40 — 

40404 1.30 1.35 -- 1.40 — 

40816 1.30 1.34 — 1.36 — 

41237 — 1.33 — 1.42 — 

41667 -- 1.36 — -- --

42105 — 1.33 — -- --

42253 — 1.36 — — — 

43011 — — — — --

43478 — -- — -- 1.59 

43956 1.33 1.42 — — 1.57 

44444 1.31 1.46 — — 1.62 

44944 1.27 1.42 1.55 — — 

45455 1.33 1.45 1.53 — — 

45977 1.33 1.46 1.63 1.41 — 

46512 1.33 1.47 1.58 1.52 — 

47059 1.36 1.44 «.» 1.59 



Table 

(cm 

34483 

34783 

35088 

35397 

35714 

36036 

36364 

36697 

37037 

37383 

37736 

38095 

38462 

38835 

39216 

39604 

40000 

40404 

40816 

41237 

41667 

42105 

42553 

43011 

43478 

43956 

44444 

44944 

45455 

45977 

46512 
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Dichroic ratio as a function of frequency for cytosine. 

R = 5.50 
s 

Rd 

R = 8.22 
s 

Rd 

R = 9.21 
s 

Rd 

R = 10.83 
s 

Rd 

R = 12 
s 

Rd 

1.47 -- — 1.69 --

1.51 — — 1.67 — 

1.52 1.57 -- 1.69 1.76 

1.51 1.60 — 1.68 1.73 

1.52 1.60 — 1.70 1.75 

1.50 1.56 1.61 1.67 1.72 

1.49 1.56 1.60 1.67 1.72 

1.49 1.55 1.59 1.67 1.69 

1.49 1.55 1.58 1.67 1.70 

1.49 1.54 1.58 1.66 1.69 

1.49 1.54 1.59 1.66 1.68 

1.49 1.55 1.60 1.67 1.72 

1.50 1.56 1.60 1.68 1.71 

1.50 1.57 1.63 1.69 1.73 

1.52 1.59 1.63 1.69 1.80 

1.54 1.61 1.67 1.72 1.84 

1.56 1.65 1.70 1.76 1.81 

1.58 1.67 1.71 1.79 1.82 

1.59 1.67 1.74 1.81 1.84 

1.61 1.69 1.74 1.82 1.86 

1.64 1.70 1.75 1.82 1.86 

1.60 1.69 1.76 1.83 1.87 

1.58 1.66 1.72 1.79 1.82 

1.55 1.61 1.67 1.72 1.75 

1.50 1.55 1.59 1.64 1.64 

1.44 1.49 1.53 1.55 1.55 

1.41 1.44 1.48 1.49 1.49 

1.37 1.40 1.40 1.45 1.41 

1.33 1.36 1.38 1.41 1.37 

-- 1.35 1.35 1.38 1.34 

— 1.33 1.33 1.38 1.35 
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Table 8. Dichroic ratio as a function of frequency for cytidine. 

(cm 1) 
R = 8.20 

S*d 

R = 9.14 R =10.21 R =10.73 

S r, 

R =12.98 R =13.4! 

S rO 

34188 -- 1.84 --

34483 - - — 1.87 1.7 2 — 1.92 

34783 — 1.66 1.83 1.73 — 1.90 

35088 1.64 1.48 1.85 1.72 — 1.92 

35397 1.59 1.66 1.83 1.71 1.89 1.89 

35714 1.64 1.71 1.86 1.74 1.90 1.92 

36036 1.60 1.67 1.82 1.70 1.87 1.87 

36364 1.60 1.65 1.85 1.70 1.89 1.88 

36697 1.59 1.66 1.81 1.70 1.89 1.90 

37037 1.60 1.67 1.82 1.70 1.92 1.89 

37383 . 1.59 1.65 1.79 1.70 1.88 1.87 

37736 1.61 1.65 1.81 1.70 1.87 1.93 

38095 1.68 1.67 1.79 1.70 1.91 1.88 

38462 1.60 1.65 1.79 1.67 1.87 1.84 

38835 1.58 1.65 1.77 1.65 1.85 1.80 

39216 1.57 1.64 1.74 1.65 1.82 1.80 

39604 1.56 1.63 1.72 1.62 1.82 1.81 

40000 1.56 1.63 1.72 1.62 1.82 1.78 

40404 1.54 1.61 1.73 1.60 1.81 1.79 

40816 1.53 1.62 1.70 1.60 1.77 1.77 

41237 1.55 1.62 1.72 1.59 1.77 1.78 

41667 1.54 1.61 1.68 1.58 1.79 1.87 

42105 1.54 1.67 1.70 1.57 1.78 1.82 

42553 1.55 1.60 1.70 1.58 1.76 1.78 

43011 1.53 1.60 1.65 1.55 1.75 1.76 

43478 1.45 1.51 1.59 1.47 1.62 1.76 

43956 1.49 1.50 1.55 1.47 1.62 1.64 

44444 1.38 1.46 1.48 1.39 1.54 1.53 

44944 1.32 1.38 1.39 1.35 1.47 1.47 

45455 1.29 1.35 1.38 1.30 1.42 1.43 

45977 1.33 1.38 1.37 1.27 1.42 1.40 

46512 1.34 1.33 1.36 1.30 1.44 1.40 

47059 - - — 1.36 -- --
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Table 9. Dichroic ratio as a function of frequency for guanine. 

(cm 1) 
R = 7.02 

'*d 

R = 7.50 R = 8.37 R = 8.98 

S Ed 

R = 9. 

s Ra 

34188 -- 1.20 1.24 -- --

34483 — 1.25 1.26 — 

34783 — 1.16 1.21 1.25 - -

35088 — 1.20 1.23 1.33 — 

35397 1.16 1.21 1.23 1.30 1.18 

35714 1.21 1.25 1.32 1.37 1.23 

36036 1.22 1.28 1.28 1.37 1.23 

36364 1.21 1.26 1.30 1.40 1.26 

36697 1.26 1.30 1.38 1.47 1.31 

37037 1.32 1.36 1.43 1.49 1.39 

37383 1.38 1.37 1.50 1.59 1.46 

37736 1.41 1.43 1.62 1.72 1.57 

38095 1.51 1.60 1.73 1.80 1.70 

38462 1.61 1.67 1.83 1.92 1.82 

38835 1.69 1.74 1.94 1.97 1.93 

39216 1.73 1.85 1.97 2.04 1.96 

39604 1.77 1.83 2.03 2.09 2.02 

40000 1.80 1.87 2.07 2.10 2.06 

40404 1.81 1.88 2.09 2.12 2.09 

40816 1.81 1.85 2.10 — 2.11 

41237 1.79 1.87 2.11 - - 2.10 

41667 1.78 1.85 - - — 2.07 

42105 1.75 1.84 - - — 2.07 

42553 1.78 1.81 — — 2.09 

43011 1.70 1.81 - - — 2.06 

43478 1.60 1.67 — — 1.99 

43956 1.64 1.64 — — 2.09 

44444 1.61 1.57 — — 2.10 

44944 1.58 1.55 — — 2.01 

45455 1.63 1.56 — — 1.99 

45977 1.62 1.67 — — 1.91 

46512 1.66 - - - - - - 1.95 

47059 1.73 — 1.91 



Table 9.--Continued 
66 

(cm *") 
R = 12.09 R = 13.81 

34188 -- --

34483 - - — 

34783 — — 

35088 — - -

35397 — — 

35714 1.23 1.21 

36036 1.23 1.16 

36364 1.28 1.21 

36697 1.32 1.28 

37037 1.40 1.38 

37383 1.48 1.44 

37736 1.59 1.58 

38095 1.74 1.71 

38462 1.87 1.88 

38835 1.96 2.03 

39216 2.05 2.10 

39604 2.12 2.16 

40000 2.13 2.20 

40404 2.17 2.23 

40816 2.16 2.23 

41237 2.18 2.22 

41667 2.19 2.19 

42105 2.16 2.19 

42553 2.12 2.11 

43011 2.09 2.11 

43478 1.97 2.03 

43956 2.05 2.09 

44444 1.97 2.09 

44944 1.97 2.04 

45455 1.95 2.08 

45977 1.93 2.06 

46512 1.93 1.99 

47059 - - — 
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Table 10. Dichroic ratio as a function of frequency for guanosine. 

(cm 1) 
R = 7.32 

S*d 

R = 7.75 R = 8.56 R =10.84 

Sr<, 

R =11.11 

S R
d  

R =13.85 

33613 - - - - 1.39 - - - -

33898 — — 1.38 1.44 — — 

34188 1.41 1.36 1.36 1.52 — — 

34483 1.41 1.37 1.41 1.48 1.53 1.50 

34783 1.38 1.34 1.37 1.43 1.52 1.43 

35088 1.41 1.37 1.37 1.46 1.54 1.45 

35397 1.40 1.35 1.39 1.45 1.55 1.44 

35714 1.45 1.40 1.42 1.49 1.58 1.49 

36036 1.43 1.39 1.42 1.48 1.56 1.48 

36364 1.44 1.40 1.43 1.50 1.60 1.49 

36697 1.46 1.41 1.45 1.51 1.62 1.52 

37037 1.50 1.45 1.47 1.53 1.65 1.54 

37383 1.51 1.44 1.48 1.56 1.67 1.56 

37736 1.52 1.47 1.50 1.57 1.71 1.58 

38095 1.54 1.50 1.57 1.61 1.74 1.61 

38462 1.53 1.49 1.55 1.59 1.77 1.61 

38835 1.53 1.49 1.56 1.60 1.74 1.62 

39216 1.53 1.50 1.57 1.60 1.74 1.61 

39604 1.54 1.51 1.57 1.61 1.75 1.61 

40000 1.54 1.50 1.57 1.61 1.76 1.61 

40404 1.54 1.51 1.56 1.61 1.74 1.64 

40816 1.55 1.50 1.57 1.60 1.76 1.63 

41237 1.54 1.51 1.58 1.62 1.77 1.64 

41667 1.55 1.52 1.58 1.61 1.79 1.63 

42105 1.56 1.53 1.60 1.65 1.78 1.65 

42553 1.53 1.57 1.64 1.70 1.79 1.53 

43011 1.45 1.54 1.67 1.72 1.83 1.68 

43478 1.49 1.54 1.68 1.74 1.80 1.47 

43956 1.56 1.70 1.78 1.86 1.95 1.71 

44444 1.55 1.68 1.75 2.10 1.97 1.82 

44944 1.53 1.66 1.79 1.89 1.92 1.68 

45455 1.53 1.69 1.73 1.84 1.94 1.78 

45977 1.57 1.68 1.77 1.78 1.85 1.71 

46412 1.53 1.69 1.71 1.78 1.85 1.78 

47059 1.55 - - 1.83 1.79 - - — 
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Table 11. Dichroic analysis of data. 

R 
s Rd 6 (degrees) f 

Adenine 

A transition (measured at ca 38100 cm"1) 

6.42 1.56 45.90 0.69 

7.57 1.57 46.24 0.74 

8.18 1.58 46.31 0.75 

9.18 1.65 45.70 0.77 

10.35 1.73 45.18 0.80 

10.68 1.66 45.97 0.80 

11.09 1.72 45.42 0.81 

15.95 1.76 45.61 

45.80 

0.86 

B transition (measured at ca 46000 cm'1) 

6.42 1.38 48.37 0.69 

7.57 1.38 48.71 0.74 

8.18 1.36 49.11 0.75 

9.18 1.37 49.15 0.77 

10.35 1.45 48.31 0.79 

10.68 1.40 48.97 0.81 

11.09 1.37 49.34 0.81 

15.95 1.48 48.45 0.86 

48.81 
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Table 11.—Continued 

R R, 9 (degrees) 
s d 

9-Methyladenine 

A transition (measured at ca 38000 cm 

6.00 1.71 43.75 0.68 

8.24 1.73 44.62 0.76 

9.04 1.79 44.23 0.77 

10.00 1.93 ' 43.12 0.79 

10.44 1.89 43.61 0.80 

12.68 2.02 42.89 0.81 

43.70 

B transition (measured at ca 45500 cm *) 

6.00 1.21 50.90 0.68 

8.24 1.27 50.39 0.75 

9.04 1.21 51.36 0.77 

10.00 1.27 50.60 0.79 

10.44 1.20 51.62 0.81 

12.68 1.31 50.28 0.83 

50.86 



70 

Table 11.--Continued 

R R 
s d e (degrees) 

Adenosine 

A transition (measured at ca 38100 cm *) 

6.47 1.57 45.79 0.70 

7.42 1.63 45.46 0.73 

9.44 1.81 44.14 0.78 

9.75 1.81 44.22 0.79 

10.43 1.71 45.40 0.80 

13.49 1.88 44.24 0.84 

44.88 

B transition (measured at ca 46500 cm *) 

6.47 1.26 50.20 0.69 

7.42 1.28 50.10 0.73 

9.44 1.24 50.97 0.79 

9.75 1.27 50.57 0.79 

10.43 1.34 49.70 0.80 

13.49 1.34 50.58 0.84 

50.35 



Table 11.--Continued 

R 
s Rd 

9 (degrees) f 

Uracil 

A transition (measured at ca 39000 cm *) 

6.09 1.43 47.52 0.68 

7.12 1.45 47.63 0.72 

8.50 1.48 47.61 0.76 

9.48 1.55 46.97 0.78 

11.32 1.65 46.18 0.81 

12.05 1.57 47.14 0.82 

12.51 1.56 47.31 0.83 

12.93 1.57 47.24 0.83 

13.81 1.62 46.80 0.85 

47.16 

B transition (measured at ca 46500 cm 

6.09 1.24 50.43 0.69 

7.12 1.25 50.50 0.72 

8.50 1.28 50.28 0.76 

9.48 1.28 50.41 0.78 

11.32 1.33 49.92 0.81 

12.05 1.33 50.10 0.82 

12.51 1.28 50.65 0.84 

12.93 1.25 51.07 0.85 

13.81 1.26 50.98 0.85 

50.48 
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Table 11.--Continued 

R
s 

Rd 9 (degrees) f 

Uridine 

A transition (measured at ca 39000 cm 

8.30 1.50 47.32 0.76 

9.14 1.58 46.55 0.78 

10.36 1.65 46.02 0.80 

11.09 1.73 45.32 0.81 

14.05 1.73 45.72 0.85 

46.19 

B transition (measured at ca 46500 cm *) 

8.30 1.28 50.26 0.76 

9.14 1.32 49.82 0.77 

10.36 1.36 49.44 0.79 

11.09 1.37 49.39 0.81 

14.05 1.39 49.37 0.85 

49.66 
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Table 11.--Continued 

R
s 

R
d 6 (degrees) f 

Thymine 

A transition (measured at ca 37500 cm ^") 

5.44 1.31 49.06 0.66 

6.21 1.35 48.74 0.69 

7.31 1.45 47.69 0.72 

8.00 1.39 48.67 0.74 

12.38 1.42 48.89 0.83 

48.61 

B transition (measured at ca 46500 cm 

5.44 • 1.33 47.74 0.65 

6.21 1.44 47.01 0.65 

7.31 1.56 46.03 0.71 

8.00 1.44 48.20 0.75 

12.38 1.57 47.18 0.82 

47.23 



Table 11.—Continued 

R
s 

R,j 9 (degrees) 

Cytosine 

A transition (measured at ca 38000 cm 

5.50 1.52 45.91 J.65 

8.22 1.56 46.56 0.76 

9.21 1.60 46.34 0.78 
i 

10.83 1.67 45.89 0.81 

12.41 1.72 45.62 0.83 

46.06 

B transition (measured at ca 41500 cm 

5.50 1.64 44.27 0.65 

8.22 1.70 44.94 0.75 

9.21 1.76 44.95 0.77 

10.83 1.83 44.27 0.81 

12.41 1.87 44.18 0.83 

44.45 

C transition (measured at ca 46500 cm 

5.50 1.33 48.76 0.65 

8.22 1.33 49.54 0.75 

9.21 1.35 49.42 0.77 

10.83 1.38 49.23 0.80 

12.41 1.35 49.75 0.83 

49.34 
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Table 11.--Continued 

R 
s Rd 0 (degrees) f 

Cytidine 

A transition (measured at ca 37000 cm 

8.20 1.62 45.73 0.75 

9.14 1.67 45.53 0.77 

10.21 1.84 43.94 0.80 

10.73 1.71 45.25 0.80 

12.98 1.89 44.08 0.84 

13.45 1.90 43.97 0.84 

44.75 

B transition (measured at ca 40500 cm"1) 

8.20 1.56 46.56 0.75 

9.14 1.62 46.10 0.78 

10.21 1.73 45.15 0.80 

10.73 1.60 46.63 0.81 

12.98 1.81 44.82 0.83 

13.45 1.81 44.79 0.84 

45.68 

C transition (measured at ca 46500 cm 

8.20 1.34 49.39 0.75 

9.14 1.33 49.68 0.78 

10.21 1.40 48.91 0.80 

10.73 1.32 49.99 0.80 

12.98 1.42 48.94 0.83 

13.45 1.43 48.86 0.84 

49.30 
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Table 11.--Continued 

9 (degrees) f 

Guanine 

A transition (measured at ca 35500 cm 

7.02 1.19 51.43 0.72 

7.50 1.20 51.34 0.73 

8.37 1.23 51.00 0.76 

8.98 1.25 50.77 0.78 

9.14 1.23 51.08 0.78 

12.09 1.23 51.50 0.83 

13.81 1.23 51.38 0.83 

51.19 

B transition (measured at ca 40500 cm *) 

7.02 1.81 43.21 0.71 

7.50 1.88 42.71 0.73 

8.37 2.07 41.26 0.76 

8.98 2.10 41.24 0.77 

9.04 2.10 41.26 0.77 

12.09 2.16 41.61 0.82 

13.81 2.23 41.38 0.84 

41.81 

C transition (measured at ca 46500 cm 

7.02 1.70 44.50 0.72 

7.50 — — — 

8.37 — -- — 

8.98 -- -- --

9.04 1.90 43.16 0.76 

12.09 1.93 43.58 0.76 

13.81 2.02 43.06 0.84 

43.58 



Table 11.--Continued 

R R 
s d 9 (degrees) 

Guanosine 

A transition (measured at ca 34300 cm 

7.32 1.40 48.37 0.73 

7.75 1.35 49.17 0.74 

8.56 1.37 49.05 0.76 

10.84 1.44 48.49 0.80 

11.11 1.52 47.59 0.81 

13.85 1.45 48.66 0.84 

48.54 

B transition (measured at ca 40500 cm 

7.32 1.54 46.53 0.72 

7.75 1.51 47.04 0.74 

8.56 1.57 46.53 0.76 

10.84 1.61 45.54 0.80 

11.11 1.74 45.22 0.81 

13.85 1.63 46.70 0.84 

46.43 

C transition (measured at ca 46500 cm 

7.32 1.57 46.15 0.72 

7.75 1.69 44.89 0.74 

8.56 1.75 44.51 0.76 

10.84 1.78 44.77 0.81 

11.11 1.85 44.14 0.81 

13.85 1.78 45.21 0.84 

44.95 
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From these data, it is obvious that the correct choice of the 

relative transition moments is 

e. + eR = 85.4° . 
A B 

The results for adenosine are consistent with this conclusion. The C 

region of the spectrum is treated in the Discussion section. The last 

seven measurements of adenine and the last four measurements of 

9-methyladenine were from highly concentrated samples and were employed 

exclusively for studies of the C region. 

Uracil, Uridine, Thymine 

The relative transition moment direction possibilities for 

uracil are 

9. + 9 = 97.6°, 82.4° 
A B ' 

9A - 0B = 3.3° 

and for thymine are 

9 A + e B  =  95 . 8 ° ,  8 4 . 2 °  

ga - eB = 1.4° . 

No clear-cut choice can be made between the two possibilities. The 

large uncertainty inherent in the thymine results is a possible cause 

for this ambiguity and is discussed in Appendix C. 

The C regions of the uracil and uridine spectra will be dealt 

with in the Discussion section. 
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or 

or 

or 

Cytosine, Cytidine 

The possibilities for cytosine are 

0. + 9 = 90.5°, 89.5° 
A B ' 

0A + 9C = 95-4°» 8^«6° 

9. + 6_ = 89.5° 
A B 

ga  -  e c  = 3.3 '  

0A " 9B = ^ 

9. + 9„ = 84.6° 
A B 

9a - 9b - 1.6° 

9A - 9C = 3.3° . 

The cone analysis for cytosine and cytidine yield two reasonable 

schemes (see Figure 29): 

9a - 9fi = 1.6° 

0. + 9r = 84.6° 
A B 



Figure 29. Cone analysis of cytosine. 
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Figure 29.—Continued (d) + ®C * 



or 

eA + eB = 89.5° 

ea - eb = 3.3° . 

For the latter scheme, it can be seen that the cones for transitions 

A and C do not intersect at all but very nearly do. In fact, a total 

change of no more than 1° of angles 9^ and 9^ would result in inter

section and therefore this scheme was judged to be a possibility. 

Guanine, Guanosine 

The possibilities for guanine are 

6a + gb = 93.0°, 87.0° 

9a + 9c = 94.8°, 85.2° 

or 

9 a+9 b  = 87.0° 

or 

0A " 6B = 7'6° 

®A " 0B = 9«4° 

ea + ec = 85«2° 

or 
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The cone analysis for guanine and guanosine yields only one reasonable 

scheme (see Figure 30): 

6a + ©B = 87.0° 

0A + 9C = 85,2° * 



Figure 30. Cone analysis of guanine. 
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discussion 

Adenine, 9-Methyladenine, Adenosine 

The choice regarding the A and B bands is clear: the transi

tion moment direction determinations of adenine and 9-methyladenine 

differ by only 0.5°; polarized absorption studies of a single crystal 

of 9-methyladenine indicate that the A band is polarized at least 70° 

from the B band (6). Figure 31 shows what is believed to be a reason

able scheme for the absolute transition moment directions of adenine. 

The absolute transition moment direction of band A has been determined 

elsewhere (6) and the possible orientations of the B band have been de

termined in this study. The ambiguity regarding the polarization of 

the B band comes from relating relative and absolute transition moment 

directions. 

The change in the dichroism of the C region of the adenine and 

9-methyladenine spectra suggests the possibility of another transition 

on the low energy tail of the A band. The possibility that this is a 

nitrogen n •+ transition is ruled out since the dichroic ratio is 

clearly greater than unity in this region. Nitrogen n •* * states are 

out-of-plane polarized and would result in < 1. However, the con

clusion that a low intensity it it* band is located on the low energy 

side of the A band is not unequivocal and is, in fact, contradictory to 

the conclusions of other workers. Stewart and Davidson (6) maintain 

that the low intensity IT •* ir* transition is positioned on the high 

86 



Figure 31. The transition moment directions for adenine. oo •̂ j 
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energy tail of the A band. They base their conclusion on polarized ab

sorption studies of 9-methyladenine single crystals, but their inter

pretation of this data is not unambiguous and strongly reflects their 

personal prejudice. Further, the possibility of spurious results from 

intermolecular resonance interactions cannot be overlooked. Polarized 

emission studies (7, 11) of adenine support the conclusions of Stewart 

and Davidson (6), but again they are not totally convincing. For a 

more complete description of this work, see page 8. Magnetic circular 

dichroism studies (5) of adenine in water show that the low energy band 

consists of at least two transitions: one at 271 nm and the other at 

252 nm. Since the absorption peak of adenine in water occurs at about 

262 nm, the results from these data, regarding the position of the 

hidden transition, are inconclusive. 

Uracil, Uridine, Thymine 

Although the results of this study do not yield an unambiguous 

scheme for the A and B bands, polarized absorption studies of a single 

crystal of 1-methylthymine (6) and polarized specular reflection stud

ies of a single crystal of thymine (10) indicate that these bands are 

polarized at least 75° from each other. Hence, it is felt that a cor

rect scheme of the relative transition moment directions for uracil is 

eA + eB = 82.4° .  

Since there is a low level of confidence regarding the quantitative 

results for thymine, the most that can be said is that the A and B 

bands are approximately perpendicularly polarized. Further, even with 
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accurate angle determinations for thymine, electronic structure differ

ences between uracil and thymine (5-methyluracil) may be great enough 

so that comparison of the uracil and thymine results would not resolve 

the ambiguity. 

Figure 32 shows what is likely to be a reasonable scheme for the 

absolute transition moment directions of thymine. The absolute transi

tion moment direction of the A band has been determined by Stewart and 

Davidson (6), and the orientation of the B band has been placed at 90° 

from the A band. It is likely that the scheme for uracil is very simi

lar. 

The slight increase in dicliroism in the C regions of both the 

uracil and uridine spectra suggest the possibility of a hidden transi

tion. The circular dichroic spectrum of uridine dissolved in PVA is 

reported in Figure 33. Distinct bands are evident at 272 and 242 nm, 

and these correspond nicely to the A and C regions of the absorption 

spectrum of uridine ( 265 and 250 nm). The suspected hidden transi

tions of uracil and uridine cannot be of the nitrogen n •* TT* type since 

these would be out-of-plane polarized and yield < 1. However, tran

sitions localized in the carbonyl group (n-*Tr*, n 0 *) are known to 

be in-plane polarized (26, 27, 28, 29, 30) and could possibly account 

for the suspected hidden transition. The actual bulk in-plane polari

zation would depend greatly on the extent of intensity borrowing from 

allowed TT-» TT* transitions (16). Of course, the possibility that this 

transition is of the TT-*- IT* type cannot be ruled out. Theoretical 
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Figure 32. The transition moment directions for thymine. 
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Figure 33. The CD spectrum of uridine in PVA. 



treatments of the uracil system have predicted at least two tt-> 71* 

transitions in the A and C regions (31, 32). 

Cytosine, Cytidine 

In the Results section, it was concluded that only two relative 

transition moment direction schemes are reasonable: 

9A + 9B' 6A " 6C 5 0A " V eA + 6C * 

Even considering 4° uncertainties in the relative transition moment di

rections of cytosine, this conclusion remains unchanged. 

Polarized specular reflection studies of cytosine and 1-methyl-

cytosine (11) indicate that the first two transitions are polarized ap

proximately parallel to each other. Thus, the ambiguity is resolved 

and it is concluded that the relative transition moment direction 

scheme is 

0A " 6B = 1,6° ' 9A + 9C = 84,6° ' ®B + 9C = 86.2°. 

Figure 34 shows what is likely to be a reasonable scheme for the abso

lute transition moment directions of cytosine. The absolute transition 

moment direction of the A band is from Callis's (11) study, while the 

possible orientations of the C bands have been determined in this 

study. The ambiguity regarding the polarizations of the C bands comes 

from relating absolute and relative transition moment directions. 

There is a controversy regarding the nature of the B band of 

cytosine. Many workers consider this transition to be an n type 

(5, 17, 18, 19), the major argument being the large blue shift of this 



10.5' 

flgure transition moment di 
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band when the pH is lowered. However, workers employing mo techniques 

feel that the 230 nm band is a IT-*- IT* transition (31, 32). All calcu

lations predict at least one IT-* IT* transition in the B region of the 

spectrum. This study shows that the B transition is in-plane polarized 

and hence, if it is n it*, it must be carbonyl and not nitrogen local

ized. However, the high intensity of the B transition of cytosine 

(f ^ 0.2) argues against its being of the carbonyl n ••it* type. Even 

considering extensive mixing with intramolecular charge transfer states, 

an intensity of two orders of magnitude less than the observed value is 

predicted (16). Hence, it is likely that the B transition of cytosine 

is 7T -*-tt* in nature. 

In Figure 29, it is determined that the perpendicular distance 

between the intersection of the circles (the orienting axis) and the 

line containing the transition moment directions (the cytosine plane) 

gives directly the angle that the orienting axis makes with the cyto

sine plane of cytidine. It is approximately 30°. 

Guanine, Guanosine 

It was concluded in the Results section that only one relative 

transition moment direction scheme is reasonable. 

9A + V 9A + 9C * 

However, by considering a 4° uncertainty in the relative transition 

moment directions of guanine, another scheme becomes plausible, namely, 

- er . 
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Fortunately, photoselection studies of guanine, guanosine, and 9-ethyl-

guanine (7, 33) have shown that the A transition is not polarized 

parallel to the B transition and therefore the former scheme is chosen 

as the correct one: 

9A + 0B = 87'°°> 9A + GC = 85*2°> 9B " 6C = 1,8° * 

Since no absolute transition moment direction determinations have been 

made for guanine, it is not possible to construct an absolute transi

tion moment direction scheme as was previously done for the other bases. 

Of course, if the molecular orientation of guanine in the PVA sheet 

were known with respect to the laboratory axes, such a scheme could be 

constructed. Unfortunately, there is no way of determining this orien

tation. 

Borresen (33) has argued for a third transition in the A and B 

regions of the guanine spectrum based upon photoselection studies of 

protonated guanine and guanosine. No evidence for the presence of this 

transition has been found in this study. Also, magnetic circular di-

chroism studies (5) of guanosine strongly indicate the presence of only 

two distinct transitions in this portion of the spectrum. 

Summary of Experimental Results 

Table 12 summarizes what is currently known concerning the 

transition moment directions of the purine and pyrimidine bases. Addi

tional work is necessary to 

(a) fully characterize the weak hidden transitions of adenine 

and uracil, and 



Table 12. Experimental results of the absolute polarizations. 

Compound Transition (cm"^-) Absolute Polarization Comments 

Adenine ca 36000 - * •  From polarized absorption of adenine and 
9-methyladenine oriented in stretched PVA 
sheets. The increased dichroism in this 
region indicates a hidden transition (this 
work). 

ca 38000 -3° From polarized absorption of 9-methyl-
adenine single crystals (6). 

ca 48000 + 82° or + 92° a From polarized absorption of adenine and 
9-methyladenine oriented in stretched PVA 
sheets (this work). Results supported by 
polarized absorption of 9-methyladenine 
single crystals. 

Guanine ca 36000 

ca 40000 

ca 52500 

Polarized fluorescence (10) indicates that 
the first two transitions are approximately 
perpendicular. Polarized absorption of 
guanine and guanosine indicate that the 
first transition is oriented perpendicular 
to the second and third transitions (this 
work). 

vd 
ON 



Table 12.—Continued 

Compound Transition (cm Absolute Polarization Comments 

Cytosine ca 37000 

ca 43000 

ca 49000 

7.5° or 10.5 o a 

94° or 104° a 

From specular reflection of cytosine and 
1-methylcytosine single crystals (11). 

From polarized absorption of cytosine and 
cytidine oriented in stretched PVA sheets 
(this work). Results supported by specu
lar reflection of cytosine single crys
tals (11). 

From polarized absorption of cytosine and 
cytidine oriented in stretched PVA sheets 
(this work). 

Uracil ca 35500 

ca 38500 

ca 49500 

-19' 

ca + 71c 

From polarized absorption or uracil and 
uridine oriented in stretched PVA sheets. 
The increased dichroism in this region 
indicates a hidden transition (this work), 

Polarized absorption of 1-methylthymine 
single crystals (6) and specular reflec
tion of thymine single crystals (10). 

a. These values were obtained by relating the relative transition moment directions deter
mined by the stretched PVA sheet method to the absolute transition moment directions reported 
directly above these values. 



(b) determine the absolute transition moment directions of 

guanine. 

Theoretical Results 

Table 13 relates some representative results from the theoreti

cal approaches. It can be seen that there is little agreement among 

the various calculations and with the experimental results regarding 

the transition moment directions. 

The calculations of Ladik and Appel (32) and Kuprievich (31) 

were of the self-consistent field-Pariser-Parr (SCFPP) type and em

ployed configuration interaction. In both cases, the Mataga-Nishiriior.o 

coulomb integral approximation was used. These calculations differ 

greatly in their choice of exchange integrals. Whereas Kuprievich em

ployed approximations for exchange integrals which were carefully cal

ibrated from calculations of smaller molecules, Ladik and Appel chose 

values for the exchange integrals which tended to improve the transi

tion energy values. 

The Unique Orienting Axis Assumption 
and the Nucleosides 

It has been assumed in the treatment of the data that the mole

cules possess unique orienting axes. This assumption was based on the 

small deviation of 9 with respect to Rg that was observed for all sys

tems. For completeness, it should be mentioned that, although the de

viation was small in all cases, it is greatest for the nucleosides. It 

is felt, however, that since the deviation is within the limits deter

mined by the Error Analysis (Appendix C), the conclusions drawn from 



Table 13. Some theoretical results for the absolute polarizations. 

„ , Transition (cm"-*-) Absolute Polarization 
compound Huckel (34) SCFPP (32) SCFPP (31) Huckel (34) SCFPP (32) SCFPP (31) 

Adenine — 36860 44000 52° 152° 59° 

40400 47400 147° -119° 150° 

47000 53300 124° 136° 143° 

Guanine — 32000 36300 105° 121° 120° 

42100 42700 24° -142° 174° 

47800 49700 26° 143° 51° 

Cytosine -- 35500 37000 100° -23° 169° 

45600 50100 9° 144° 72° 

54800 52500 155° 80° 102° 

Uracil -- 45600 44800 3° -125° 58° 

52300 49000 -- 147° 156° 

56000 53600 90° 45° 56° 
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the data are probably valid. Still, it would be useful to explore the 

possible causes for the larger deviations of 9 in the nucleosides. 

There are two conformations possible for the purine and pyrimi-

dine nucleosides and nucleotides: the syn- and anti-conformations. 

These conformations are presented in Figure 35 using the purine nucleo

side as an example. X-ray crystallographic studies have shown that, in 

nearly all cases, the anti-conformation is favored (35 to 43). How

ever, in solution, the situation is not so clear and the two conforma

tions may exist in equilibrium. It has been estimated that the energy 

barrier between the two conformations is small (especially for the 

purine nucleosides and nucleotides) (44, 45, 46, 47). Further, temper

ature dependent optical rotary dispersion studies (48) seem to indicate 

that the two conformations do, in fact, exist in equilibrium in solu

tion. If this were true, then the unique orienting axis assumption is 

incorrect and a deviation of 9 with respect to Rg would be expected. 

In the systems studied, only small deviations were observed, and it is 

concluded that if, indeed, two conformations do exist in equilibrium, 

one is largely predominant. We cannot determine from this method which 

conformation is the predominant one. 

A Further Test on the 
Stretching Procedure 

The uniqueness of orientation of the molecules and the rela

tionship between the stretch ratio and the degree of orientation can 

further be tested. The procedure (49, 50, 51) assumes that the dis

tribution of partially oriented molecules in the sample can be 
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Figure 35. The conformations of purine nucleoside. 
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considered to consist of molecules perfectly oriented (i„e., the ori

enting axes colinear with the stretch direction) and molecules randomly 

oriented. 

If a sample were infinitely stretched, all of the molecules 

would be perfectly oriented and the following is obtained for an iso

lated transition: 

Rd = En / ex 
oo 

where R^ is the dichroic ratio of the infinitely stretched sample and 
oo 

11 anc^ 1 are t^le ext^ncti-on coefficients of the perfectly oriented 

sample parallel and perpendicular to the stretch direction. For a 

totally unoriented sample, the following obtains, 

r _ 1/3(£n + 2£i) _ 1 

dl 1/3(Ell + ̂  

where R, is the dichroic ratio of the unstretched sample (R =1). 
d^ s 

The partially oriented sample can be considered to consist of a frac

tion f of perfectly oriented molecules and a fraction (1-f) of randomly 

oriented molecules. Hence, for a partially oriented sample, the 

following can be written: 

fen + l/3(l-f)(en + 2ej.) 

d f£j_ + l/3(l-f)(eu + 2£j_) ' 

By substitution and simplification, the following is obtained: 

(Rf1- l)(2r2 + 2) , „ n 2 
f = / o w r « where R, = 2r . 

(2r2- l)(Rd + 2) doo 

A value for f can be calculated for the individual transitions of a 

sample and these values should be invariant for all transitions of the 

sample and for all samples with the same stretch ratio. The calculated 

f values are presented in Table 11 and these requirements are fulfilled. 



CONCLUSIONS 

Purines and Pyrimidines 

Results from this and other studies (6, 10, 11) combine to give 

consistent transition moment direction schemes for the purines and 

pyrimidines. These schemes are presented in Figures 31, 32, 34, and 

Table 12. The 230 nm transition of cytosine has unequivocally been 

shorn to be in-plane polarized, thus eliminating the possibility that 

this transition is nitrogen n n* in origin. The high intensity of 

this transition also rules out the possibility that it is localized in 

the carbonyl group, and therefore it has been characterized as being of 

the IT -*• IT" variety. Although it has been demonstrated previously that 

the 260 nm band of adenine is composite (5), a controversy regarding 

the position of the low intensity hidden transition has not been re

solved. Some workers have concluded that the hidden transition is 

buried under the high energy tail of the band (2, 4, 6, 7) while others 

maintain that it is buried under the low energy tail (8). Results from 

this study are consistent with the former contention but are by no 

means conclusive, and therefore additional work is necessary to resolve 

this controversy. The composite nature of the 260 nm band of uracil 

has not been conclusively demonstrated as yet. From observed changes 

in dichroism along the low energy tail of this band, the presence of a 

weak hidden transition is tentatively proposed in this region of the 

spectrum. 

103 
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The Tanizaki Method 

The validity of the Tanizaki method has been demonstrated in 

this study. The invariance of 9 with respect to Rg and the invariance 

of f, the degree of orientation, with wavelength are indications that 

the molecules do possess a unique orienting axis, this being the major 

assumption of the method. Further, the transition moment direction re

sults were in good agreement with those from independent studies when

ever comparisons were possible. 

The serious limitations of the Tanizaki method should be ex

plored before comparisons with other techniques can be made. Only 

those compounds which are soluble in both water and a suitable polymer, 

such as PVA, and which possess co-planar transitions can be studied. 

Further, the dichroism of suitable derivatives of the compounds must be 

measured in order to resolve the inherent ambiguity in the angle deter

minations. The cone analysis is extremely helpful in this case since 

it extends the Tanizaki method to include non-planar derivatives in the 

resolution of this ambiguity. These restrictions of the Tanizaki 

method seriously limit its usefulness as a general tool in the deter

mination of transition moment directions. Photoselection is still the 

most widely employed technique, requiring only that the compound ex

hibit a measurable fluorescence or phosphorescence. However, in terms 

of quantitative reliability, the Tanizaki method is superior to photo-

selection and should be preferred to photoselection if the compounds 

meet the requirements of the Tanizaki method. The most sensitive tech

nique for the determination of transition moment directions is the 
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polarized absorption of single crystals, but difficulties in sample 

preparation result in its limited applicability. The Tanizaki method, 

having a wider applicability than the polarized absorption of single 

crystals technique and having a greater quantitative reliability than 

photoselection, should prove to be useful in future studies. 



APPENDIX A 

DERIVATION OF TANIZAKI EQUATIONS 

Consider an imaginary sphere of solute molecules distributed 

in the PVA sheet. Suppose that the sheet is now stretched and the 

sphere deforms into an ellipsoid of equal volume. Hence, any unit 

vector in the sphere making an angle 0q with the stretch direction will 

be transformed into a unit vector in the ellipsoid making an angle 0 

with the stretch direction. The distribution of unit vectors on the 

ellipsoid, f(0), can be determined by 

f(0) = Z^2 G(0,0 ) F (0 ) d0 , 
o o o o 

where F(0 ) is the distribution function of the unit vectors before 
o 

stretching. In the case of random orientation of the vectors, we have 

F(0 ) = sin0 . 
o o 

G(0, 0 ) is a function which transforms 0 into 0. Because of the re-
' o o 

striction that the deformation is one of constant volume, the following 

relation obtains: 

R tan0 = tan0 , 
s o 

where R , the stretch ratio, is the ratio of the long to the short axes 
s 

of the ellipsoid. The transformation function can be written in the 

following way: 

106 
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G(e,eo) = <s(eo - q) p(eQ) , 

where 6 is the delta function and P(®Q) is a ratio of surface areas. 

The function can be determined from the relation 

dV = dV , 
o 

or 

hdS = h dS , 
o o 

where dVQ and dV are the volume elements of the sphere and ellipsoid, 

respectively, and dS^ and dS are the surface area elements of the same. 

From the usual considerations, we have 

dS = 2 IT sin9 d9 
o o o 

and 

2TTR2/,3sin9d9 
dS = S 

[l + (R2- l)sin20]^ 
s 

Since 

p(9 ) = h/h = dS /dS , 
o o o ' 

by the appropriate substitutions we get 

«/-> n n t. sin9 d9 
p(9 ) - R"2/3[l + *- l)sin G]-8 —. ° ° 

o s L s J sm9d9 

From the stretch ratio relation, we get 

d9 /d0 = R cos20 /cos29 . 
o s o 
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By the appropriate substitutions, we obtain 

/ n  it i  oo sin20 cos29 
f(e) = s'n/ 6(6 - e ) R [1 + (R - l)sin 0] —5—- dQ , 

° o s L s sinflcos 0 ° 

„/2 1/3 + tan20 
= S 7r/2 6(0-6 ) rJ7-3 5 X 5 x d0 . 
° ° sin6cos 6 (1 + tan 6 ) 

o 

It is now possible to eliminate tan0Q and thus integration with respect 

to 0 becomes routine. We get 
o b 

f(0) = R7^3 sin6[l + (R2- 1) sin20]"3/'2. 
s s 

By integrating with respect to 0 from u/2 to 0, a normalizing factor is 

obtained. Thus, the normalized distribution function of unit vector be

comes 

F(6) = R2 sin0[ 1 + (R2- l)sin20]~3//2 . 
s s 

By plotting F(0) vs. 0 for various values of Rg (Figure 36), it becomes 

apparent that the greater the value of R , the higher the fraction of 
s 

unit vectors approaching the stretching direction. This is illustrated 

by the peaking of the curves closest to 0 = 0° for increased R values. 
s 

We can interpret this distribution of unit vectors as a distribution of 

orienting axes of the solute molecules which tend to align along the 

stretch direction of the PVA sheet. By measuring the dichroism of the 

solute molecules oriented in the stretched PVA sheet, it is then possi

ble to determine the angle between the transition dipole of the 
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Figure 36. Distribution of orienting axes as a function of angle from 

the stretching direction. 
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molecule and the orienting axis of the molecule. Following is a de

scription of the determination. 

The transition moment, p, of the solvent molecule is decomposed 

into two components, one parallel, ;Ja, and one perpendicular, to 

the orienting axis of the molecule. These components can be further 

decomposed along the axes of a Cartesian Coordinate system where the Z 

axis is taken to be the stretch direction of the PVA sheet. The decom

position for is shorn in Figure 37. These components are given as 
£L 

functions of the Euler angles of the system as follows: 

p sinQcos ip, 

sinQsin ̂  , 

Pa cos© , 

2 2 2 ^ 
^(cos 9 + sin 9sin ̂ )2cos0 , 

( sin^9sin^cos^cos^0 + cos^9sin^0 
>V 2Q . . 20 . 2. ' * 

cos 9 + sin 9sm V 

9 is the angle between the orienting axis and the Z axis (stretch direc

tion), ip is the angle between the X axis and the projection of u on 
' a 

the XY-Plane, 0 is the angle between the plane defined by the orienting 

axis and X axis and the plane defined by the transition moment and ori

enting axis. We can now write 

 ̂ % %2!0 % r£o + >V>F(9> df,dWe • 

P ax 

^ ay = 

^ az 

^bx 

^by 



Orienting 

Axis 

<& 

Figure 37. The decomposition of u in Cartesian Coordinates. 
SL 
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Fy - 'iLl * /& * /£> <>V + >V> F(9) dWd9 ' 

r l  -  fHl  *  '&  *  >T=0 (>4 +  & F ( p "  d ( W d e  •  

The cross terms between payi and are orthogonal and are thus identi

cally zero, By substitution and integration, the following is ob

tained : 

2 

pi =y2y = hf^f2 [jAin2 e  + — ( i  + cos2 e ) ]  F ( e )  d e  ,  

2 

)i2 = [ji2cos20 + ~ sin2©] F(9)d9 . 

2 
Since the optical density, D, is proportional to p , we write 

D Dl1 - 2 , , , 2 , 2. 
Rd = 1  U?x 

+V ' 

where and are the optical densities of the sample parallel and 

perpendicular to the stretch direction. Integrating for R =1 yields 
s 

2 2 2 
yz = Py = » 

and therefore 

R, = 1 . 
a 

This is the expected result for the unstretched case. For the stretched 

case, integrating and subsequent substitution yields 

R = 2 + (2r2 - 1)T 

d (2r2 + 1) - (2r2 - l)T 
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where 

R2 

T = [1 - {IT/2 - tan"1(Rf- l)"%} (R?- 1)"*] , 
R -1 S S 

S 

and r = I • Thus, cot *r gives the angle between the transition 

dipole and orienting axis. Figure 38 depicts this graphically. At in-

2 
finite stretch, T = 1 and R^ = 2r . The assumption that the orienting 

axis of the molecule is unique is verified if r is independent of Rg. 

In some cases, this is not so. 



6 F 
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4 -

Rj 3 • 

2 -

I -

0 
o 

r=3 (18.5°) 

r=2 (26.5°) 

r=0 90° 

Figure 38. Dichroic ratio as a function of stretch ratio. 
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APPENDIX B 

DERIVATION OF CONE ANALYSIS 

Presented here is the general algebraic method for the cone 

analysis. It is essentially the solution of the simultaneous equations 

of two right circular cones passing through the origin. The axes of 

these cones are situated in the XZ plane. Algebraically, cones of 

this type can be represented by the following expressions: 

(X,)2+(Y1)2 = (Z')2tan20 

X' = X cos - Z sin ; Z1 = Z cos + X sin ; Y = Y1 , 

where X, Y, and Z represent the coordinates, 0 is the angle that the 

cone surface makes with the cone axis, and is the angle the cone 

axis makes with the Z-axiz. The projections of these cones on the 

Z = +1 planes give conic sections of the following form: 

(X')2 + (Y')2 = tan2© . 

The simultaneous solution of two such equations representing the cones 

give two points on the Z = +1 plane. These points are related to each 

other by reflection through the XZ plane. Either of these points and 

the origin describe a straight line which is the intersection of the 

two cones. The simultaneous solution of the equations on the Z = -1 

plane gives the same result. If the cones represent the correct scheme 
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of transition moment directions, then the line would be the orienting 

axis of the molecule. 



APPENDIX C 

ERROR ANALYSIS 

1. Polarizer 

The polarizer used in these studies is properly designated as 

the Taylor Modification of the Glan-Foucault polarizer. It contains 

two calcite prisms separated by an air gap and the E-ray emerges co-

axially while the 0-ray is internally reflected. To evaluate this 

polarizer, an analysis of the transmitted light beams of a polarized 

absorption experiment is required (52, 53). A schematic for such an 

experiment is depicted in Figure 39. The polarizer is oriented so 

that its transmission axis is along the Y direction and the sample is 

the stretched PVA sheet positioned either with its stretch axis along 

the Y or the X'axis. The light beam can always be decomposed into 

components along the X and Y axes. 

Imperfect transmission from the grating results in a polarized 

light beam, so 

I .  = t (I /2); 
lx X o ' 

with 

I .  = t (I /2), 
ly y o 

I .  = I, + I. , 
1 lx ly' 
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Figure 39. Analysis of the light in a polarizer absorption experiment. 
00 



119 

where I is the light intensity from the source and t and t are meas-
o b J x y 

ures of the anisotropy. At perfect transmission, t^ = t = 1. For the 

Cary 14 in the ultraviolet region, |t - t | < 0.30 (54). At the polar-
y x 

izer, the following is obtained: 

I„ = t y t I /2 , 
2x m 1 x o ' 

I = ft I /2 , 
2y. ' y o' ' 

where t is a measure of the inefficiency of the polarizer, i.e., at 

1007c efficiency, t = 0. Associated with each polarizer is an iso

tropic factor, Y, resulting from polarizer absorption and scattering. 

The sample can be oriented with its stretch axis parallel or 

perpendicular to the transmission axis of the polarizer. The frac

tional transmittances of the sample are and the transmittances 

along the stretch direction and perpendicular to it, respectively. 

Thus, the following can be written: 

ij1 = Yt B't (I /2), 
3x m n x o ' 

and 

^ • 

r j- = Yt 3't (I /2) , 
3x m s x o ' 

*3y " e n t y ( I o / 2 )  •  
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The observables are therefore 

An = log » 

and 

\ = log [l0/lj] , 

accounting for the fact that the Cary 14 is a double beam instrument 

and, in this experiment, the reference compartment is empty. Sample 

absorption results from both solute and solvent (PVA) and so 

o 

3s = Ms ' 
i 

sA =  fyC. 

where 3 and 3 are due to the solute only and 3° and 3° are due to the 
s n J s n 

PVA. Empirically, it has been determined that 

3  !  =  3 °  = 3 °  
w s Mn w 

Analogous expressions are obtained for the experiments employ

ing samples of pure stretched PVA. Thus, the following can be written: 

l\° = ljl0 = Yt 3°t (I /2), 
3x 3x m x o ' 

and 

^ = I3y° " ^°ty(I0/2) . 

An = , 

Ai = logCV3^0^ • 
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The dichroic ratio then becomes 

t t + t 
l og  SL2S X_ 

A.. - A..0 S B t t + B t 
R _ 11 11 _ n m x s y 
Kd ~ A, - A,0 t t + t 

m x y 
log 

3 t t + B t 
s m x n y 

In the case of isotropic transmission from the grating and 100% effi

ciency of the polarizer the following is obtained: 

log[l/Bs] 

d(ideal) log[l/3 ] 
n-

When the above conditions are not met, the evaluation of t , t , and x y 

t^ are required. Consider the light beam passing through the polarizer 

only. Thus, 

where 

I- = yt t I /2 , 
2x 1 m x o ' 

I. = yt' I /2 , 
2y ' y o' ' 

I2 ~ I2x + I2y * 

Other studies (54, 55) have shown that t , t >> t and so 
7 x' y m 

I- = Y[I /2]t . 
2 L o J y 

In the flat ultraviolet region of the polarizer spectrum, i.e., the re

gion above 230 nm, y ~ 1 an^ therefore spectral measurements give t 
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directly. It has been determined in this laboratory that t^, t^ > 0.6 

in the ultraviolet region above 230 nm and determined elsewhere (54) 

that the values of t and t do not vary greatly in the region between 
y x 

200 and 400 nm. Thus, t , t >0.6 between 200 and 400 nm. 
' y' x 

Measurement of the spectrum of crossed polarizers gives 

I .  =  [ t t y + f  t y ' ] ( I  / 2 )  ,  
2  L  m  x  1  m y ' J  o  '  

where the primes designate the polarizer oriented so that its transmis

sion axis is parallel to the X direction. If identical polarizers are 

used and measurements are made in the ultraviolet region above 230 nm, 

the following is obtained: 

1o = <V2> + t ) . 
2 mo x y 

Measurements in this laboratory indicate that t < 0.001 if t and t 
' m x y 

are set equal to 0.6. It has been shown (55) that t deviates only 

slightly in the region between 350 and 210 nm. 

Employing the above values of t^, t^, and t in a sample calcu

lation reveals that and ̂ (ideal) n0t ̂ ev*ate more than 27,. 

This has an insignificant effect on angle determinations. 

2. Sample 

Errors caused by sample preparation are by far the most signifi

cant. It has been determined that thicknesses along the stretch axis 

are usually different than those normal to it. In this study, devia

tions in uniformity of sample thickness were kept to within 107.. and 

therefore dichroic ratio calculations were certain to within 107.. 



Hence, in the stretch ratio limits of these experiments, these devia

tions result in errors not greater than 2.5° in the angle determina

tions . 

There is no simple way to estimate the errors arising from 

2 
deviations of d and ab from unity. However, it is likely that these 

errors are less significant than those resulting from non-uniformity 

of sample thickness, since the angle determinations are, in general, 

within 2.5°. 

Sample alignment deviations are within 5° in these studies. 

It is estimated that, in the dichroic ratio limits that have been ob

served in those experiments, such deviations result in uncertainties 

in the dichroic ratio of less than 5% (56). 

In general, it is likely that an uncertainty of approximately 

2 or 2.5° is inherent in the angle determinations of all of the sys

tems except thymine. Owing to the low solubility of thymine in PVA, 

larger uncertainties than those mentioned above are encountered. This 

results in measurements along the trough of the thymine spectrum 

(approximately 235 nm) being totally unreliable while measurements in 

the highly absorbing region possessing inherent uncertainties of ap

proximately 5°. 

After stretching the sample, it is possible that linear con

centrations of the molecules along the stretch axis differ from the 

linear concentrations along the axis normal to the stretch axis. This 

would result in an apparent dichroism, since the light beam possesses 

a rectangular cross section. Hence, it was necessary to measure the 



spectra of some of the stretched samples in different orientations 

without a polarizer. It was determined that, if indeed a disparity 

existed in the linear concentrations of the molecules along the two 

axes, it was not large enough to result in significant angle deter

mination errors. 



APPENDIX D 

CORRECTION ANALYSIS 

for the 11 case, the correction to the optical density has the 

empirical form, 

_11 11,. , ,11 
9 \ t  =  m X  t + b X  '  

where, for a pure stretched PVA sheet of thickness t and at wavelength 

X, C^J is the measured optical density. There is a linear relation be

tween the correction and sheet thickness, showing a slope m^ and a non

zero correction, at t=0. An analogous expression is obtained for 

the 1 case; thus for simplicity, the superscript will be omitted. 

Arbitrarily, a standard set of corrections, C, was chosen for 
o 

t = t = 0.00775 in. By division, the following is obtained: 

CXt/CXt = (mX/CXt ̂  t + bX/ °Xt ' 

or 

- Mx c + Bx • 

It has been determined empirically that is independent of X; thus 

Xfc = Mt + B ,  

for all X and at thickness t. These correction factors as a function 

of thickness, t, are found in Figure 8. 
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