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Abstract:
5-Methyleytosine’‘s polarized fluorescence is observed in room temperature, aqueous solution.
Intrinsic lifetimes, fluorescence lifetimes and quantum yields are calculated for the protonated neutral
and deprotonated species of this molecule. Rotational correlation times times calculated from
experimental polarization ratios, quantum yields and intrinsic lifetimes are compared with those
predicted by sticking hydrodynamics and found to be, at most, three to four times shorter. Also, the
cation of 5-methyl cytosine appears to rotationally diffuse twice as slowly as the natural and anion
forms. In addition, possible sources of the wavelength of excitation dependence in the quantum yields
of 5-methylcytosine and thymine in low temperature glasses are investigated. Thymine’‘s fluorescence
excitation is seen nearly to match its absorption spectrum in ethano1-methanol glasses, supporting the
idea that its wavelength of excitation dependent quantum yield is caused by the equilibrium of
hydrogen and non-hydrogen bonded species in hydroxylic solvents. Investigations of the of SMC in
neutral and acidic ethylene glycol-water glasses show that the cation of this molecule fluoresces with
seven times greater efficiency at 143K than the neutral form. This, coupled with the observation that
the pi* of 5-methyl cytosine shifts from 4.6 in room temperature aqueous solution to 7.0 in glass
solution at 143K accounts for the wavelength of excitation dependence of 5-methyl cytosine’‘s
quantum yield in hydroxylic solvent glasses. Cytidine’‘s and thymine’‘s pka’‘s are also seen to shift in
ethyleneglycol water glasses at 143K, the latter by 2.6 pH units to 6.80. Finally, the two-photon
fluorescence excitation spectrum (TPE) of benzimidazole is viewed for the first time. By comparison
with the UV absorption spectrum of this molecule with that of indole and through use of circularly and
linearly polarized two photon excitation, individual transitions in the TPE are identified. The La band,
though predicted by CNDOS-CI to be very intense, is not seen in the TPE of benzimidazole. Lb’‘s
Franck Condon transitions are clearly visible in the TPE, and two peaks, not seen in the one photon
absorption are observed. These peaks are assigned to vibronic transitions within the manifold.
Additionally, the La 0-0 transition of benzimidazole is identified in the one photon absorption
spectrum.  
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ABSTRACT

S-Methylcytosine's polarized fluorescence is observed in room 
temperature, aqueous solution. Intrinsic lifetimes, fluorescence 
lifetimes and quantum yields are calculated for the protonated 
neutral and deprotonated species of this molecule. Rotational corre­
lation times times calculated from experimental polarization ratios, 
quantum yields and intrinsic lifetimes are compared with those pre­
dicted by sticking hydrodynamics and found to be, at most, three to 
font times shorter. Also, the cation of 5-methyl cytosine appears to 
rotationally diffuse twice as slowly as the natural and anion forms.

In addition, possible sources of the wavelength of excitation 
dependence in the quantum yields of 5-methylcytosine and thymine in 
low temperature glasses are investigated. Thymine's fluorescence 
excitation is seen nearly to match its absorption spectrum in 
ethanol-methanol glasses, supporting the idea that its wavelength of 
excitation dependent quantum yield is caused by the equilibrium of 
hydrogen and non-hydrogen bonded species in hydroxylic solvents.

Investigations of the 4; of 5MC in neutral and acidic ethylene 
glycol-water glasses show that the cation of this molecule fluoresces 
with seven times greater efficiency at 143K than the neutral form. 
This, coupled with the observation that the pla of 5-methyl cytosine 
shifts from 4.6 in room temperature aqueous solution to 7.0 in glass 
solution at 143K accounts for the wavelength of excitation dependence 
of 5-methyl cytosine’s quantum yield in hydroxylic solvent glasses. 
Cytidine's and thymine's pla's are also seen to shift in ethylene­
glycol water glasses at 143K, the latter by 2.6 pH units to 6.80.

Finally, the two-photon fluorescence excitation spectrum (TPE) 
of benzimidazole is viewed for the first time. By comparison with 
the UV absorption spectrum of this molecule with that of indole and 
through use of circularly and linearly polarized two photon excita­
tion, individual transitions in the TPE are identified. The La band, 
though predicted by CNDOS-CI to be very intense, is not seen in the 
TPE of benzimidazole. Ly's Franck Condo^ transitions are clearly 
visible in the TPE, and two peaks, not seen in the one photon absorp­
tion are observed. These peaks are assigned to vibronic transitions 
within the manifold. Additionally, the La 0-0 transition of 
benzimidazole is identified in the one photon absorption spectrum.
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INTRODUCTION

Pictured below are the four bases of DMA.

cytosine thymine adenine guanine

Research on the photophysical properties of these molecules has been 

an active field of endeavor for more than twenty years (for review, 

see reference I). Their absorptions and emissions have been studied 

under varied conditions of temperature, pH, solvents and 

concentration. Through this accumulation of work, there now exists 

a partial understanding of the nature of the ground and excited 

states of the bases. There remains, however, a number of 

unexplained or, perhaps, unexplored questions in the area The text 

of this thesis will address three such problems. The first section, 

entitled "Polarized Fluorescence of 5-Methylcytosine" examines the 

fluorescence and rotational lifetimes of this cytosine derivative in 

room temperature aqueous soltuion as calculated by two different 

methods.
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The second part of this thesis details an investigation of the 

wavelength of excitation dependent fluorescence quantum yields of 5- 

methylcytosine, thymine and cytidine in low temperature ethylene 

glycol-water glasses.

Finally, in part three, the two-photon fluorescence excitation 

spectrum of benzimidazole, a molecule akin to the purine bases, is 

presented.

Polarized Fluorescence of S-Hethyleytosine

All the DNA bases are known to possess relatively low

fluorescence quantum yields (on the order of IO-* at 20*C), a factor

which prevented the detection of their emissions at ambient

temperatures until a decade ago (2). Quantum yields (4f) of 10 *

combined with calculated radiative lifetimes of 10~8's imply,

through the relationship - *0^f (v^ere and T0 are the

fluorescence and radiative lifetimes, respectively), that the

lifetime of the lowest excited singlets of the DNA bases are on the

order of IO-12S. Since the DNA bases are thought to possess
* •

absorption bands which are composite of more than one electronic 

transition, it is of some importance to know their fluorescence 

lifetimes.

If Xf values are longer than those expected, emission is from 

weakly allowed states and not those giving rise to strongly allowed 

transitions seen in the typical UV absorption spectrum. Lifetimes 

found by use of the Strlckler-Berg method (3) would not uncover such
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abnormalities since they depend on integration of the entire first 

absorption band (4).

One way of measuring fluorescence lifetimes is through the use 

of the Perrins equation which is shown below.

£
P

I
+ .33 H l  + [1]

where P is the measured fluorescence polarisation CP^ - (Iv —

JhJZdv + Ijl)), P0 is the polarization in the absence of rotational 

diffusion, and Tc is the rotational correlation time which is a 

measure of the decay of fluorescence.

Since the Tf values predicted for the bases are shorter than 

their expected rotational correlation times, their fluorescence 

should be highly polarised and indeed, polarisation ratios for 

adenine, guanine, cytosine and thymine have been found to approach 

those seen in rigid media (5,6). An upper limit of Tfi can be 

calculated by Stokes-Einstein hydrodynamics (T68t ck) 

comparisons can be made between Tf from the Perrin equation above 

and TfSB obtained through the Strickler-Berg equation to gain 

insight into the feasibility of either method. Conversly, Tc*tlck 

and t0®B can be compared.

Morgan and Daniels (6) made use of the Perrin equation and the

relationships discussed above to examine the t 0BB °* 3-

methylcytosine (5MC). They found what was thought to be a unique 

property in this molecule, that of a pH dependent and T f  By 

plotting the inverse polarization ratio versus the 4f of 5MC, they
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obtained a linear graph, the elope of which indicated to them that 

Te,tick is about 50 times longer than t cSB. Or, conversely, that 

Tfstlck is 50 times longer than Tf®®.

Callis (5) obtained quite different results than those 

presented by Morgan and Daniels (6). Through polarised fluorescence 

studies at room temperature and low temperature (to obtain limiting 

polarisation ratios), he concluded that Tc58 is only 3 to 4 times 

faster than rc,tlck for the DNA bases.

Since the results of the two studies discussed above were in 

such blatant disagreement* we thought it necessary to study the 

hydrodynamics of these systems more carefully. In the work 

presented in chapter 3 of this thesis, a presentation of the quantum 

yields and polarization ratios of SMC as a function of pH will 

appear. In addition, calculated T*'s and rc,tick values for the 

cation, neutral and anion species of SMC along with experimental 

lifetimes will be presented. The results of this work shows that 

rotational diffusion times calculated by Stokes-Einstein 

hydrodynamics are, at most, five times longer than those predicted 

by the Strickler-Berg equation and that the linear graph of 1/P vs.

obtained by Morgan and Daniels is merely a fortuitous property of 

SMC and its protonated and deprotonated species.

Wavelength Dependent Quantum Yields of S-Methylcytosine,
Cytidine and Thymine

In addition to the above study on the fluorescence and 

polarization of SMC in room temperature aqueous solution, the
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photophysical properties of this molecule, cytidine and thymine were 

examined at low temperature. Figure I shows the absorption (ABS) 

and fluorescence excitation spectrum (FBS) of 5MC in neutral (pH ■ 

7.0) ethylene glycol-water (EGl) at -130eC. You should note that 

the FES peak is shifted some 10 nm to longer wavelength than the ABS 

maximum. Close correlation is seen in both the onsets and minima of 

the two curves. However, the excitation is seen to be a factor of 

seven larger near the 0 - 0  transition with the ratio declining to I 

at 275 nm and to near .6 at the ABS minimum.

Fluorescence excitation spectra are merely the product of a 

molecule's fluorescence quantum efficiency and its absorption 

spectrum as a function of wavelength. If the quantum yield of a 

molecule is not constant across the absorption band, red-shifted FES 

will result. Indeed, experiments showed that “ .35 for 

excitation in the 0 - 0  region dropping to 0.05 near the ABS 

minimum, which seemingly is a violation of Vavilov's law (a fur the rr 

discussion of this law is contained within the text).

This behavior has been noted for all the DNA bases in low 

temperature solution (7-15). Ill son, Morgan and Callis (15) have 

studied the FES of the bases and nucleotides at low temperature in 

EGV. All 6f's are seen to drop monotonically as excess energy is 

absorbed into the molecules. CMP (cytidine monophosphate) is 

especially noteworthy as its quantum yield is seen to decrease 15 

fold as the excitation is increased 7000 cm-* into the first band.
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The fact that wavelength dependent quantna yIeIda exlat for the 

DNA bases was first noted in 1965 by H.C. Borreson (8). From a 

study of the photophysical properties of guanine in low temperature 

methanol-water, this author presented data which showed its FES red- 

shifted and somewhat misshapen from its ABS.

Subsequent studies (7,9-15) reported that adenine, the other 

purine derivative base, along with the pyrimidine bases (cytosine 

and thymine) and their nucleotides also display wavelength dependent 

quantum yields in low temperature glassy solutions.

Early experiments on the DNA bases at room temperature in 

aqueous solution yielded somewhat the same results as those found in 

low temperature solutions, eg. red-shifted FESs (2,16-18). Later 

studies have shown that thymine's FES correlates wel with its ABS 

(18,19). Adenine's room temperature, red-shifted excitation has 

been thoroughly investigated (20) and results show that tautomerism 

is responsible for this phenomenon. Guanine and cytosine have not 

been well characterised at room temperature.

Several theories have been explored in attempts to explain the 

wavelength dependency in the of the DNA bases in low temperature 

glasses. Six of these possible explanations were investigated and 

are listed below in the order in which they will be discussed.

1. Tautomers

2. Underlying or hidden transitions

3. Competitive deactivational pathways

4. Local heating
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5. Solvent effects (hydrogen bonding, ionic strength) 

$. pH dependence (specistion)

Tsntoaers

The excitstion wevelength dependence in the quantum yields of 

adenine and guanine has been shown to be due to tautomeric activity 

(21). Crystallographic studies have established that adenine 

resides in the 9 (H)-6-ami nopurine (9HA) tautomer in the monohydrate 

crystal (22). Ab-initio calculations have shown that of the eight 

possible tautomeric forms, only 7HA has enough stability to coexist 

in solution with 9HA (23). All iaino tautomers of adenine are 

considered too unstable.

Tautomers were first postulated as the source of adenine's 

anomalous FES by Eastman in an article emphasising this molecule's 

temperature dependent quantum yield (24). Wilson and Callis. acting 

on this clue, investigated and compared 7-methyladenine (7MA), 9- 
methyladenine (9MA) (shown below) and adenine's photophysical 

properties (11) and have presented arguments in support of adenine 

tautomerixation. The authors constructed a hypothetical solution 

containing both 9HA and 7HA from which they produced expected 

experimental results. Their postulated outcome of 90% 9HA, 10% 7HA 

combinations shows good agreement with those found in adenine 

solutions.

If Callis and Wilson were correct in assuming that the 

differences between the emissive properties of 7MA and 9MA are 

representative of those between 7HA and 9HA. there can be little
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doubt that the source of adenine's wavelength of excitation 

dependent quantum yield is the 7HA tautomer.

Guanine, like adenine, is composed of a parent purine ring with 

various substitutions as seen below. An ab-initio study by Mezig and 

Ladik (25) calculates that only four of the seventeen possible 

tautomers for guanine have sufficient stability to exist in aqueous 

solutions. Of the four, the following two are assumed to comprise > 

99.9* of the total concentration.

7-H Guanine9-H Guanine

The proton residing on the five membered ring has been 

confirmed to be attached at the 9 position (15) a majority of the 

time and an equilibrium exists between the 9-H and 7-H tautomers 

though the extent of this is uncertain. Temperature jump 

thermodynamic studies have not been performed on guanine, so and 

other various kinetic and thermodynamic information is unavailable.

Wilson and Callis, in the paper described above (21), have 

extended the tautomeric reasoning employed for the case of adenine 

to that of guanine. Along with the fact that guanine's FES 

resembles that of 7-methyl guanine, they cite that guanine's ABS 

looks very much like that of guanine monophosphate. It was also
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found that 7MG'a quantum yield is about 10 times that of GMP in 

neutral EGW at 160K. From this, they concluded that guanine is also 

a victim of the tautomer syndrome.

Though some information is lacking and the case for guanine 

tautomerization cannot be said to be as strong as that for adenine, 

the* *anomalous fluorescence behavior of this molecule is 

satisfactorily explained through the 9-H — > 7-H equilibrium.

Tautomeric activity in the pyrimidine bases is not so easily 

realized as in the purine bases. Equilvalent protonating positions 

are available. However exchange of protons between the two lead to 

vastly different photophysical properties in both cytosine and 

thymine. A further discussion of this possibility will appear 

within the body of this work.

Hidden Transitions

The search for hidden or degenerate transitions in the 

pyrimidine bases has produced numerous publications involving varied 

experimental techniques. Polarized crystal absorption and 

reflectance of cytosine (26,27) has shown that two strongly allowed

* — > n* transitions comprise the ABS in the near UV. Transition 

moments of these states lie in plane and the absorption polarization 

is nearly constant throughout the bands.

Polarized fluorescence studies support the notion that band I 

in cytosine (5), 5MC (6,28) and cytidine (20) is strongly allowed. 

Polarization ratios are found to be high and constant throughout

their respective FES's.
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Linear dichroie (ID) (29,30), circular dichroic (CD)(Sl) and 

•acnetic circular dichroic (MCD)(32) apectr. of cytoaine al.o .how 

that transition I is probably pure and nondegenerate.

Ia the case of thymine, similar studies have been performed. 

Thymine, like cytosine, has two strongly allowed transitions in the 

near UV, as demonstrated by polarized absorption (33). Some 

evidence has been forwarded for a weakly absorbing band at 264 nm 

(34) with an oscillator atrength of ca. .006, a factor of 200 to 300 

less Intense than band I. CD spectra (31) confirm the idea of a 

measureable underlying band, but position it at about 240 nm. A 

recent report on the polarized fluorescence of thymine proposes that 

a band is underlying Band I between 270 and 290 nm (35). However, 

no variation in the was seen in this area.

There is no doubt that undetected transitions exist in the 

pyrimidine bases. However, the presence of such band has yet to be 

proven in the case of wavelength of excitation dependent *£'s. Due

to this fact, this idea will not be explored in the text of this 
thesis.

Competitive Deactivational Pathways

Violations of Vavilov's law was postulated in early work by 

Hanswirth and Daniels (16). Wilson et al. (15), in a paper 

published previous to their conclusion that tautomerism is 

responsible for the wavelength dependence in adenine and guanine 

(21), logically explored this possibility for all the DNA bases.

The form of these violations could either be internal conversion or
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intersystem crossing occurring fro- yibr.tion.lly excited leyel. of 

the first excited singlet st.te with incre.sed r.tes. G.s yh.se 

experiment, on i.ol.ted molecule, show that this occur, -ore often 

then not (36) .nd indeed pyrimidine, the p.rent compound of cytosine 

and thymine, show, . red-shifted FES under these condition. (37). 

Rates of intern.I conversion .re speculated to be near IO12 sec 1 

for the bases, (15) so competition between deactivation p.thw.y. 

could conceivably occur.

Local Heating
Oasatro ,1.Id. of oyto.ln. M d  tky.U. dl.pl.y co.Hd.r.U. 

d.PMd.,... UcrM.ln, ty -or. th.n t.o ord.r. of 

..,.lt.d. 1« «oln| fro. roo. t..p.r.t.r. .,Mon. .olntlon to low 

to.p.r.tnr. EGW ,1... 1» *“ • Arrk.nl.. tpp. w.rl.tlo. of

floor,.oonco Intimity .Itk t.»p.r«t.r. k.. k..n fonnd for .11 tk. 

n.ntr.1 DNA k.... Enwlns kno.l.dl. of tkl. pk.«....o» M d  

f..lll.rlty wltk tk. prokl.n of nonoolnold.n.o in tk. ABS M d  FES 

oorw.. of tk. DNA k...., *..d How.ld (SI) .nssMt.d tknt tk. t.o 

could be interrelated.
He proposed that when absorption is into the aero vibratonal 

level of the first excited state, no excess molecular energy is 

present so fluorescence will occur from a state in thermal 

equilibrium with the bulk solvent. When energy is present beyond 

the amount required to reach the fluorescent state (SI with no 

vibrational quanta), this energy must be dissipated in vibrational 

motion, i.e., heat. If the thermal conductivity of the neighboring
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»ol.«ries (....Ily .OlTMt) i. IMfliOi..*. tho. C M  .if.OtiM 

t..p.r.t.r. t.lt by tb. flMr...l.« ..!...I. » 1 »  >>• ■boT* “ ** °*

IM talk ti... l...ri.« t M  prob.bllity tl.t M.ctiT.tio. .ill .....

through fluorescence.

Solvent Effects
The theory of solvent interaction with solute .olecules to 

produce wavelength dependent ha. already b o m  fruit in the case

of thy.in. in that this -ol.cule was found to have a coincident FES

and ABS in ethanol-nethanol-glass at 771 (39).

Kogan and Becker (39) in a paper dealing with fluorescence 

properties of thynine and several .ethylated uracil derivatives, 

have invoked the following argument to explain the difference in 

their result, for thymine in ethanol-methanol (EM) glasses *nd those 

found in our lab in rigid EGW. They proposed that in hydroxylic 

solvents, the following equilibrium is active,

N + nlOH -— * Nw (BOH)n [41

where N is a DNA base nucleoside or nucleotide. If Nw BOH has a 

very high quantum yield, an absorption spectrum shifted slightly to 

the red of the non-hydrogen bonded species, and a negligible 

concentration, then the observed excitation spectrum of N would be 

red-shifted relative to the absorption spectrum. Logically, if 

solvents of low hydrogen bonding strength are used, little or no 

variation in the quantum yield will be found across the absorption 

bands. In support of this theory, they present excitation spectra
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for the investigated molecules in EM and methyl tetrahydrofnran 

(MTHP) at 77K which are remarkably coincident with their respective 

absorption spectra.

pH Dependence

The last possibility to be explored is that of solution pH 

effects on the ionic distribution of molecular species. Equilibrium 

constants reported for the DNA bases are from room temperature 

aqueous solutions and probably are not correct for low temperature 

glassy solutions.

Adenine and guanine pKa's have been observed to shift to higher 

values in EGW at 77K (7). We discovered that 5MC, cytidlne and 5- 

methyldeoxycytidine and thymine all displayed pKa’s which were 

increased by 2 to 3 units. As the writing of this thesis was in 

progress, an untranslated article appeared in a Russian journal 

(40,41), which detailed the pWa change of cytidine at 771. The 

acidic equilibrium constant of this molecule was shown to shift from 

the room temperature pH of 4.6 to 5.9 in EGW glass at 771. 

Introduction of the highly fluorescent (at low temperature) cation 

is responsible, in part, for the red-shifted FES seen in that 

molecule. Residual wavelength dependency in the $£ i« explained by 

solvent interaction as described for the case of thymine in EM

O'1 results, obtained independently, support this contention 

but show slightly different values for the pis.

Data and discussion presented in the second part of this thesis 

will examine each of these possible explanations for the wavelength
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dependent 4f's of the pyrlnidine base. In low te.peratnre sls««y 

solutions. 5-»ethyieytosine was chosen to replace cytosine as a 

working model, since the latter cannot be obtained in a 

fluorescently pure form through the normal biochemical suppliers.

The substitution of a methyl group for a hydrogen has been shown to 

introduce very little change in the resultant ABS and FBS of 

molecule., so the result, presented her. for SMC should be directly

applicable to the base.

Two Photon Excitation of Benzimidazole 

A. was discussed to some degree earlier, there ia much interest 

in the true nature of the state ordering in the DNA bases. The 

electronic states are not well understood and. in some cases, 

transition moment directions between the ground states and the lower 

excited states have not been igreed upon (I). Much of this 

uncertainty stems from the nature of the one photon absorption 

processes in the DNA bases. All display broad, intense absorption 

bands in the UV region of 200 nm to 300 nm. In addition, although 

purine and pyrimidine, the parent molecules of the bases, exhibit n 

_ >  „• transition, of measur able intensity (42.43). such state, are 

missing or are well.hidden in the corresponding bases.

Attempts at modeling the electronic transitions in the bases 

have relied heavily on the Platt model (44) for benzene. This 

molecule has molecular orbital energies and symmetry patterns which 

result in the following electronic diagram.
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1

where unclrcled numbers refer to molecular orbitals and circled 

numbers are transition of electrons between M.O.'s. Linear 

combinations of transitions I and 2 and transitions 3 and 4 give

rise to states Lb, Bh, La and Ba according to Platt. States Ba and
" -

Bb are very intense in the W  spectrum of benzene indicating that 

they are strongly allowed. Lb is symmetry forbidden but gains weak

intensity through vibrational coupling (45).
- •

Pyrimidine, the parent of cytosine and thymine, reflects much 

of the features of benzene in its DV spectrum. It can be thought of 

as benzene with two meta hydrogens moved into the ring. The 

presence of the ring nitrogens however, give rise to n — > n* 

transitions, one of which becomes the lowest energy transition in 

the UV spectrum.

When ezocyclie heteroatoms are added to pyrimidine to form 

cytosine or thymine, analogy between the UV absorption of the former 

and the latter becomes very unclear. The two bases belong to the 

symmetry group Cs. Therefore, there are no symmetry restrictions on 

their electronic transitions so states which were forbidden in 

benzene for this reason are quite allowed in the bases. The lowest
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energy transitions in these molecules have oscillator strengths of 

0.1 - 0.2. At this point, it becomes clear that one photon OV 

absorption spectroscopy fails to yield the information necessary to 

identify and characterise the electronic states of the base.

As can be seen from the above, understanding of the electronic 

states of the pyrimidine bases through analogy with those of benzene 

using only the one photon absorption spectrum can be quite 

difficult. This difficulty is pressed to the limit, however, if one 

extends the benzene modeling to the cases of the purine bases, 

adenine and guanine. Even purine's one photon UV absorption is not 

well understood on this bssis, since its structure represents a 

massive perturbation on that of benzene (I).

It is clear that further information is required to fully 

characterize the absorption of the DNA bases so we decided that two 

photon spectroscopy along with modified modeling techniques could 

provide much of the details which are missing in the UV absorption 

pictures of the DNA bases.

Two photon spectroscopy is a relatively new technique but has 

already shown great promise as an experimental tool (46,47). The 

possibility of a molecule absorbing two low energy photons 

simultaneously to resch a final state was first theorized by Karia 

Goppert-Mayer in 1931 (48), but was not confirmed experimentally 

until 1962 (49), after the advent of lasers. The principle of two 

photon absorption (TPA) is much the same as that for one photon 

absorption (OPA) except instead of a molecule absorbing one photon 

of ultraviolet light, for instance, it will absorb two photons of
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visible light to reach the same final state. Absorption of the 

first photon is into a virtual state which has a lifetime on the 

order of IO-*^ s, so absorption of the second photon must occur 

within this time span. To have a reasonable probability of this 

occuring requires a very high density of photons, one which can only 

be provided by laser excitation. The selection rules for TPA are 

complementary to those for OPA. This property allows one to observe 

transitions in TPA which are normally weak (formally forbidden) or 

hidden in OPA. In addition, TPA using linear and circular polarized 

light can reveal information concerning the symmetry, vibrational 

modes and transition moments of molecules that is impossible to 

obtain through OPA.

This technique has already yielded a wealth of new information 

about the electronic states of benzene (50) and numerous other 

molecules and atoms (for reviews see references 46,47). Callis, 

Scott and Albrecht (51) have recently reported the TPA of 

pyrimidine, a molecule of great interest to us. They have found the 

Iq, transition in this molecule is made allowed only through vlbronic 

coupling and that a second n — > ** transition peaking at ca. 480 nm 

(240 nm in UV) is present.

In addition, these same authors have developed new methods to 

interpret the perturbations that substitutions and vibrational 

coupling have on the electronic spectra of aromatic hydrocarbons 

(52,53).
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As ground work is being laid in our group to obtain the TPA 

spectra of molecules related to thymine and cytosine, e.g. molecules 

which are more highly perturbed than pyrimidine but less distorted 

than the bases, we have begun a new modeling scheme for the spectra 

of the purine bases. Figure 2 shows pictorially how we are 

proceeding in obtaining theoretical and experimental information on 

these nine membered ring systems. You will note, following the 

arrows, that each molecule possesses a slightly more complex * 

electron system than the molecule preceding it. CNDO/S 

calculations, transition densities (52,53) and calculations of two 

photon absorptivities of each of these molecules has already been

performed.

In chapter 5 of the text, the two photon absorptivities and 

circular/linear polarization ratios are presented for benximidazole. 

Spectral features of this spectrum are discussed in light of CNDOS- 

CI calculations and results of benzene. In addition, data is 

presented that, for the first time, reveals the La O - O in the one 

photon spectrum of this molecule.
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Figure 2, Structures of benzene end various nine—nembered ring 

system*.
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EXPERIMENTAL

One Photon Experiments

Solvents

The various solvents used to form glasses were selected on the 

basis of several criteria: I) The desired solute molecules had to be

soluble enough in the solvent to produce an optical density of ca. 

0.30 at the absorption maximum, 2) Due to equipment limitations, the 

solvent had to form a clear uncracked glass at a temperature above 

77K, and 3) The solvent had to be optically transparent in the region 

of interest. Listed below are the solvents employed, their 

commercial vendor and the means used to purify them.

Ethylene glycol was obtained from J. T. Baker Chemical Company 

(reagent grade). One liter portions were stirred 24 hours with flame 

activated charcoal (5.0 grams/liter) then gravity filtered through a 

medium fritted glass filter. This process was repeated until the 

emission spectrum of the solvent was less than 10% of the Raman 

height and the maximum absorption between 240 and 310 nm was less 

than 0.1. Ethanol was either Gold Seal (food grade, 100%) or 

undenatured bulk (95%). In either case, one liter was refluxed with 

10 grams calcium oxide for two hours, fractionally distilled, 

stirred with activated charcoal and filtered through a medium glass 

filter. When the ethanol was to be mixed with methanol to form a 

glass, activated charcoal was not used since it was found to affect 

the neutrality of this solvent.
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Methsnol was obtained from J. T. Baker (Phototrex trade) and 

usually required no purification. If impurities were present, the 

solvent was stirred with activated charcoal and filtered.

Isopropanol was Baker reagent grade or Baker "phototrex” high 

purity. In the latter case, no purification was required. However, 

the standard reagent grade required distillation with CaO and

filtration with activated charcoal.

Isopentane was obtained from J. T. Baker Chemicals as a bulk

reagent. A one liter portion was stirred with ca. 200 ml of 

concentrated sulfuric acid for 24 hours, washed with two 100 ml 

aliquots of sodium carbonate, then fractionally distilled. The 

middle fraction was collected, stirred with flame activated charcoal 

and filtered through fritted glass. Cyclohexane and hexane were 

prepared in the same manner.

Buffers
Phosphate buffers were employed in all aqueous solutions unless 

the effect of the buffer was being scrutinized. To obtain a .01 M 

phosphate buffer, 25 ml of .04* phosphoric acid was pipetted into a 

250 ml beaker and stirred with a stirring bar. A Corning model 12 or 

a Sargent-Welch model NI pH meter and a microelectrode was used to 

monitor the pH of the solution as potassium hydroxide was added 

dropwise. When the desired pH was obtained, the solution was diluted 

to 100 ml with distilled or, toward the end of this work, deionized 

water, the pH was rechecked and spectroscopic (fluorescence and 

absorption) measurements were taken to determine the purity.



Buffers not containing phosphate were obtained in a similar 

manner, i.e. starting from parent acids. Then high or low pH’s were 

desired, solutions were made of unbuffered acids or bases.

Instruments

Room Temperature Fluorescence Apparatus. Fluorescence 

measurements were obtained on the configuration of instruments show* 

in Figure 3. The important features of this fluorimeter are listed 

below.

A. Source Power Supply: A variable current (8-9 amps) and 

voltage (18-19 volts) supply obtained from Oriel Optics 

(model C-72-20).

B. Source Light: Osram 150 watt high pressure xenon lamp

which provides a continuum of light throughout the UV and 

visible spectrum.

C. Excitation Monochromator: Bausoh and Lomb grating 

monochromator with micrometer controlled slits and a 

calibrated drum wheel that provides wavelength selection 

with a readout accuracy of 0.5 nm. A quarts lens mounted on 

the entrance slits focuses the source light onto the grating 

and quarts wedge depolarizers at the exit elite remove any 

polarisation introduced by the grating.

D. Polarizer: A single Polacoat PL-40 polarizer was mounted on

* rotatable mount with a threaded seat which screwed into 

the face of the excitation monochromator. Two screw stops

23
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Figure 3. Optical and electronic component# of the fluorimeter used 
in gathering fluorescence and excitation spectra.
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were present at 90* and 180* so that the polarizer could be 

rapidly changed from vertical to horizontal.

E. Focusing Lens: A quartz, plane-convex lens with a 60 mm

focal length. The lens is mounted on an I translatable 

stage and has a calibrated iris shutter that is used to 

control the amount of excitating light reaching the sample.

F. Sample Mount: A translatable stage with a 1.0 cm cell

holder mounted a fixed distance from the focusing lens on 

the entrance slits of the fluorescence monochromator. The 

stage can be translated on an axis perpendicular to the 

fluorescence monochromator so that the excited region can be 

brought into the full field of view of the fluorescence 

monochromator. Room temperature measurements were performed 

on samples contained in 12mm I 12mm X 48mm (10mm X IOmm X 

47mm inside) fused silica fluorescence cells.

6. Fluorescence Monochromator: This monochromator is identical

to the excitation monochromator and is positioned at a 90 

degree angle from the source with a quartz lens mounted on 

the entrance slits to focus the sample emission on the 

grating. The wavelength selector is driven by a 

potentioatat-controlled synchronous motor that can be 

removed and cranked by hand.

H. Photomultiplier Tube (PMT): Am EMI 9558 QB, 13 stage quartz 

envelope PMT mounted face on at the exit slit of the 

fluorescence monochromator. This tube is sensitive to 200- 

850 nm light and has a gain of about 10® when operated at -
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mounted on a X-T translatable stage, was then positioned in the 

fluorimeter and filled with liquid nitrogen. A microvalve was used 

to adjust the flow of coolant between the inner jacket and the sample 

compartment. Room temperature air was passed through a drier and 

then blown across the sample cell to reach temperatures above 77K 

when desired.

A digital thermometer (designed by Dr. Richard Geer) was used to 

monitor temperatures below ambient. Experimentally, the diode sensor 

was placed in direct contact with the sample cell and had a response 

time of less than 5 seconds when affected with a drastic temperature 

change.

A solvent tends to contract at temperatures nearing its glass 

point, thus exerting inward pressure on the container to which it 

adheres. For this reason, custom built thick walled fluorescence 

cells were used In all low temperature experiments. Two particular 

cells were employed in most experiments, both having outside 

dimensions of 12 mm I 12 mm I 23 mm, with one having inside 

dimensions of 6 mm X 6 mm I 20 mm and the other 3 mm X 3 mm I 20 mm. 

These cells were utilized in both absorption and fluorescence 

measurements and were found to introduce little or no added 

scattering to the fluorescence spectra.

Absorption Measurements

Absorption spectra were taken on either a Cary 14 UV/VIS/IR 

instrument or a Varian Associates Series 634 UV/VIS instrument and 

were referenced against air. When low temperature spectra were
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required, the Sulfrian dewar was inserted into either instruments' 

••■pie compartment and cooling was affected as was previously 

described.

Experimental Procedure

Room Temperature Fluorescence of 5-methvlevtoaina (gwr) x I 

cm cell was filled with ca. 1.5 ml of aqueous solvent. The cell was 

Placed in the fluorimeter sample holder and the stage was translated 

to maximize the Raman emission. The fluorescence of the blank was 

recorded at sever*! wavelengths of excitation. If a flat 

fluorescence background was observed (i.e. the solvent was clean), 

5MC was added directly to the cell and the solution was repeatedly 

drawn into a pasteur pipette until complete dissolution was obtained. 

Fluorescence spectra, including excitation with polarized and 

unpolarized light, were recorded with the sample mount carefully 

positioned so that the fluorescence monochromator viewed the maximum 

fluorescence intensity. An unpolarized fluorescence excitation 

•pectrum of a Rhodamine B (Rh B) (3 grams/liter) quantum counter 

solution was recorded in conjunction with the above to monitor the 

daily variance in source lamp intensity.

When fluorescence measurements were completed, the sample, still 

contained in the 1.0 cm cell, was transported down the hall where its 

DV absorption was determined. If an optical density of greater than 

2.0 was obtained, successive dilutions were made until the maximum 

absorption did not exceed 2.0. The spectrum was then carefully 

recorded on the Cary 14 UV/VI$/IR spectrometer, scanning slowly from
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330 xuu to ce. 240 nm with stops every 10 nm to mark the wavelength 

and absorption.

The above procedure was repeated on 18 different buffers, though 

occasionally more than one sample was processed per experiment and, 

in most cases, more than one experiment was performed on each buffer.

Low Temperature Experiments. Ethylene glycol-water (EGW) 60:40 

by weight (w/w), ethanol-methanol 3:1 w/w (EM), methanol-water 12:1 

w/w (MW)■ and isopropanol-isopentane 1:1 w/w (IIp) were weighed on a 

triple beam balance and mixed in 100 ml glass stoppered volumetric 

flasks. Fluorescence and absorption spectra were recorded for each 

of these glass forming solvents prior to use. Ten ml of the desired 

solvent was transferred to a clean, glass stoppered 10 ml erlenmeyer 

flask to which a small amount of solute was added. A UV absorption 

spectrum was recorded and the solution was diluted until a maximum 

optical density of 2.0 was obtained. This qualification yielded 

solutions which were 0.1 to 0.5 millimolar. A small portion of this 

solution was then transferred to a thick walled fluorescence cell.

The diode thermometer probe was affixed to the sample cell holder 

(having been previously calibrated in liquid nitrogen (771) and ice 

**ter (273K)), the sample cell was mounted and the entire assembly 

*** inserted into the dewar contained in the fluorimeter apparatus. 

The signal was maximized by translating the stage relative to the 

viewing monochromator. A variae controlling a heating coil in the 10 

liter storage denar was adjusted until the proper temperature was

Air was blown across the dewar windows to prevent fogging
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and the glass quality was monitored by viewing the Rayleigh 

scattering of bine light from the solution.

Once the desired temperature had been reached and maintained for 

ca. 5 minutes, the sample was translated on an axis perpendicular to 

the viewing monochromator to maximize the photocurrent. Fluorescence 

spectra at a minimum of two different excitation wavelengths and 

fluorescence excitation spectra at two different viewing wavelengths 

were recorded. When phosphorescence was observed, an attempt was 

made to obtain an excitation spectrum of this also<- An excitation 

spectrum of Rh B was taken in conjunction with each experiment.

Absorption. The Sulfrian dewar was mounted in either the Cary 

14 or the Varian 634 UV/VIS spectrophotometer. Samples were poured 

into the thick walled cell, the diode probe was attached to the cell 

holder and the holder was inserted into the dewar. Cooling was 

affected in the same manner as for fluorescence spectra. The 

absorption of the solution was continually monitored in order to 

detect fogging of the windows or deterioration of the solvent glass. 

When the desired temperature was reached, the instrument was zeroed 

at a wavelength just to the red of the onset of absorption and the 

absorption spectrum was recorded scanning from low to high energy. 

Since the background absorption was not negligible, a blank spectrum, 

i.e. the absorption of solvent, cell and dewar windows, was also 

recorded in conjunction with each sample spectrum and subtracted from 

the total absorption.
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Calibration. The two abaorption inatrnnenta (Cary 14 and Varian 

634) were calibrated versus the spectrum of benzene in hexane.

Spectra recorded on the Cary 14 were always accurate to within .5 nm 

while those on the Varian 634 varied by up to 2 nm. If a large 

deviation appeared in either instrument, corrections were made by 

loosening the wavelength drive and readjusting the tilt of the 

grating.

Calibration of the fluorescence monochromator was performed by 

shining a low pressure Hg lamp directly into the viewing 

monochromator with the slits at about .15 mm width. Wavelength 

readings were recorded at each spectral peak in the entire mercury 

(Hg) spectrum. Deviations of the spectral peaks relative to those in 

the published Hg spectrum were averaged and the grating drive was 

adjusted by that amount. A MgO coated cell was then positioned in 

the excitation light path in order to reflect the source light from 

the excitation monochromator into the viewing monochromator and thus 

cross reference the two wavelength drives. Periodic checks were made 

of the synchronization of the two monochromators by viewing the 3600 

c»-1 Raman line of distilled water. An agreement to within I nm was 

generally accepted.

Corrections and Calculations. Day to day variations of the 

xenon source lamp intensity were monitored by either recording the 

excitation spectrum from 230 to 300 nm of a Rh B quantum counter 

solution viewed at 640 nm (55) or by measurement of the Raman 

spectrum of distilled water. The former method is preferred. The Rh
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B solution is assumed to absorb all the incident light within the 

first few millimeters of the cell and, since its quantum yield is 

near unity, the fluorescence intensity is no longer a reflection of 

the solution’s quantum yield but only of the lamp intensity. The 

second and less effective method of measuring lamp fluctuations was 

by scaling the height of the Raman spectrum. This method is very 

sensitive to contamination and cell positioning. However, it has the 

attraction of availability since the fluorescence of esch solvent was 

recorded prior to the addition of solute. Though variations in lamp 

intensity were assumed to be negligible during the course of the 

experiment, the relative heights of the Raman spectra were used to 

verify that fact.

Background emission from solvents and fluorescence cells usually 

was less than 1% of the total fluorescence. However, when 

corrections were required the background was multiplied by the ratio 

of the sample solution Raman peak height to the solvent Raman peak 

height and subtracted from the emission spectrum (5). In all cases, 

this correction amounted to less than 5%. Variations in sensitivity 

and efficiency of the viewing monochromator and photomultiplier as a 

function of wavelength were determined by the method of Parker (55). 

This entailed placing a MgO screen at a 45 degree angle in the 

optical intersection of the two monochromators and reflecting light 

from the excitation monochromator into the emission monochromator. 

Emission spectra were then recorded at 5 nm intervals from 280 nm to 

550 nm. The peak heights obtained in this manner were divided by the 

excitation spectrum of Rh B to correct for the variation in intensity
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of the excitation aonrce and the resulting vector reflects the 

response of the detection apparatus. All fluorescence spectra 

presented in this work were divided by the vector obtained by Mr.

Berk lnighton (18).

The bandwidth and thus the resolution of any fluorescence 

instrument is dependent on the slit width of light allowed to reach 

the grating. In our instrument, a slit width of 2 mm in the viewing 

monochromator yields a bandwidth of 13.2 nm. Therefore, if 

resolution in the fluorescence spectra is to be achieved, one must 

view a small portion of the sample cell. This is not a problem when 

dilute samples are used. However, if solutions of greater than .05 . 

optical density are used, which was more often the case than not in 

this work, the intensity of the source light cannot be assumed to be 

constant throughout the cell. This can be compensated for in one of 

two manners. A standard solution of a compound with a known quantum 

yield can be made with a matching optical density. By recording the 

fluorescence of both the sample and standard simultaneously, the 

sample fluorescence intensity can be found relative to that of the 

standard. An alternate method and the one presently used in our lab, 

is correction of the absorption spectrum using an empirical equation 

that takes into account the beam absorption along the excitation path 

and the geometry of the detection system. This equation was derived 

by P. R. Callis and a more extensive explanation can be found in 

references (18,56). The equation is



34

G - I
I — @-2.303Am

2.303Aa [5]

where G is the corrected absorption value, A is the solution 

absorption per centimeter and a is the effective path length of the 

cell. The a value used in this work was obtained by Mr. Tim Aoki 

(56) by taking the ratio of the fluorescence intensities of two 

tryptophan solutions having different concentrations and finding a 

unique value which makes the ratio of G values calculated for the two 

solutions equal to the ratio of their fluorescence intensities. A 

value of .21 cm was used throughout this work.

Interpretation. Raw uneorrected excitation spectra were 

obtained by setting the viewing monochromator to a wavelength within 

the fluorescence band of a compound and measuring the fluorescence 

intensity as a function of excitation wavelength. This essentially 

gives the quantum yield as a function of wavelength and, if this 

value is constant throughout the absorption band, the excitation 

'spectrum will merely reflect the light absorption of the solution. 

Experimentally obtained fluorescence excitation spectra are corrected 

by application of the following formula.

E(corr)
Er«w ' Abs= 

Gx • E18
[6]

where Gx is the factor discussed above, Exaw is the uneorrected 

excitation spectrum, Abs^ is the absorption spectrum of the solution
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and Egg is the excitation spectrue of the qnantnm counter. These 

spectra were usually normalised and plotted along with the normalised 

absorption spectra.

Quantum yields were calculated relative to a standard solution 

of L-tryptophan, which has a generally accepted quantum yield of .15 

(57), by use of the following formula,

Ft - A t - O j -  It 

Gj * Ig * Ft * At

where F is the product of peak height and meter gain, A is the area 

under the fluorescence curve (normalised to unity), I is the 

intensity of the quantum counter signal and G is the factor discuaaed 

above. The subscripts s and t denote sample and L-tryptophan 

quantities, respectively. Rearrangement of this expression yields:

F, ' A, 4t • • l\

Bi • 1% Ft • At
M

and it is readily seen that the second term on the right-hand side is 

constant, the value of which was determined to be 5650. It should be 

noted however, that previous students have found a variation of 10% 

in this constant (18,56).

In some of the work done at room temperature, quantum yields 

were calculated from fluoreacenoe apectra excited by polarized light. 

Since the DNA bases emit very rapidly with fluorescence lifetimes on 

the order of IO-** s, corrections had to be made for the directional 

emission of these compounds. The following equation was developed by
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Callis (58) and it simply relates the polarized emission to what the 

emission would be in a randomly fluorescing solution.

4fP0L
3S — I 
3S + 1 [91

where S ■ <cos^ 0> and 0 is the angle between the absorbing and 

emitting moments. Quantum yields corrected in this fashion were 

found to be invariant to those found using unpolarized light.

Two Photon Experiments

Lasers

The nitrogen laser is an NRG-0.5-5-150/B and was obtained from 

National Research Group in Madison, Wisconsin. The specifications 

for this instrument are:

Lasing Wavelength: 337.1 nm

Peak Power: 500 kw at 60 pulses per second

Pulse Duration: 5 nanoseconds full width at half maximum

Average Power: 150 mW at a repetition rate of 60 Hz

Power Requirements: 550 watts at 115 volts, 60 Hz.

Nitrogen gas was provided to the laser from a 100 liter liquid 

nitrogen dewar with regulators attached to the gas release valve. 

Under normal operating conditions, one dewar of liquid nitrogen 

supplied enough gas to run the laser ca. two weeks.

Reduced pressure in the nitrogen discharge cavity was obtained 

from a Rinney Vacuum pump, model # IC-8, capable of 8 cubic feet per
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minute through-put. Discharge from the pump is vented into the 

building drain system.

Experimentally, the laser was run at 10-20 Hz with a spark, gap 

pressure of 30 psi and a cavity pressure of 120 millibars. Operation 

at these pressures are reported to give maximum peak power with a 

minimum pulse width.

The dye laser was also obtained from National Research Group and 

is model NRG-DL-0.03. The beam from the nitrogen pump laser is 

passed through a 1.5 inch cyclindrieal lense and focused onto the 

front surface of a quartz walled cell. Dye solution is continually 

flowing through this cell to prevent photochemistry or "burnout" 

of the dye. The sidewalls are also slanted to prevent lasing from 

the cell surfaces.

The feedback mirror, a partially-reflecting glass plate, is 

positioned to reflect a portion of the fluorescence to pass back 

through the cell, thus obtaining a small degree of gain. This beam 

is gathered by a telescope and expanded onto a 316 lines/mm grating 

which is mounted on a rotatable platform. Adjustment of the platform 

is made using a micrometer to feed the selected wavelength of light 

back through the telescope and through the excited region of the dye 

cell. Wavelength scanning of the dye laser is accomplished by 

adjusting the tilt angle of the grating relative to the base with a 

micrometer. To facilitate quick reproducible scanning, a stepping 

motor and belt gearing were attached to the tilt micrometer. Light 

pulses from the dye laser are passed through an iris to block 

unwanted stray light.
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Laser dyes were obtained from commercial vendors and were 

reagent grade, where possible, and laser grade when the dye was 

unavailable as any other grade. Each dye was used without further 

purification. Table I gives the lasing range, vendor, molecular 

weight and concentration in grams per unit volume of solution for the 

dyes used in our experiments. Solvents used to make dye solutions 

were reagent grade, all from J. T. Baker Company with the exception 

of EtOH, which was absolute (food grade) from U.S. Industrial 

Chemical. Dye solutions were mixed and stored in 500 ml containers 

at room temperature. Dioxane or toluene based solutions were 

isolated within a glass fronted hood.

Electronics and Fluorescence Detection

Components for the two photon excitation apparatus were 

purchased and built in the period from February through July of 1982. 

Below is a description of each element shown in Figure 4.

A. Pulse generator: This device was built by the author and

Figure 5 shows a circuit diagram of it along with a graph of voltage 

going to the nangate versus time after laser pulse. The diode, 

enclosed in the dashed box, is positioned within the dye laser. When 

the laser fires, the resistance of the diode drops from ca. 2 meg 0 

to around 200 0. This results in 99.9% of the 5 V being dropped 

across the 2t resistor. The pulse is then shaped by a nandgate (CMOS 

4093) and output to the pulse delay circuit.

B. Pulse delay circuit: This device was built by the author

and was patterned after the control circuiting for the constant
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Table I. Specification# of laaer dyea.

Dye ' X(Iaaing)
nm

Vendor Solvent Mol. V t. Cone.
*/

500 ml

p-qnaterphenyl 360-390 Sigma toluene 306 1.07
o-NPO 393-423 Sigma toluene 271 0.33
PPO 359-391 Baker toluene 221 0.66
DPS 396-416 Sigma p-dioxane 332 0.20
BBO 400-440 Aldrich toluene 675 0.84
Stibene 420 421-442 Exciton EtOH 0.50
DMPOPOP 424-441 Sigma toluene 382 0.65
Bia-MSB 411-430 Chemalog p-dioxane 310 0.19
POPOP 425-451 Sigma p-dioxane 364 0.18
Coumarin 120 420-460 Sigma EtOH 246 0.92
Coumarin I 440-478 Aldrich EtOH 231 1.15
7-dimethylamino, 
4-methylcoumarin 440-460 Sigma EtOH 203 1.00
7-hydroxy,4-methyl 
coumarin 480-505 Aldrich EtOH+

I M HClO4
176 0.176

7-hydroxycoumarin 480-505 Aldrich Eton+
I M HClO4

167 0.167

7-diethyl amino, 
4-methylcoumarin 420-450 Aldrich Etra 231 0.50
Coumarin 102 460-480 Eaatman EtOH 255 0.50
Coumarin 307 495-527 Eaatman EtOH 271 0.50
Coumarin 152 515-545 Eaatman Etra 257 0.50
Coumarin 480 520-545 Exciton Etra — — ' 0.50
Coumarin 153 535-555 Eaetman EtOH 309 1.00
Rhodamine H O 550-575 Exciton Etra 367 0.30
Rhodamine 66 570-605 Sigma EtOH 479 1.20
Rhodamine B 595-630 Sigma EtOH 479 1.20
Creayl Violet 641-687 Sigma EtOH 362 0.60
Nile Blue A 682-715 Sigma EtOH 733 0.80
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Figure 4. Electronic component* of the two photon fluorescence 
excitation apparatus.
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Fisure 5. Circuit disgrae of the device used to generate electronic 
pulses coinciding with the firing of the dye laser. Nangate is a 
onea4093.
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current Electron Capture detector for gas chromatography used in Dr. 

Erie Grimsrud’s lab. The author wishes to thank Berk Knighton for 

supplying information and discussions leading to the final design of 

this circuit.

Figure 6 shows a diagram of the pulse delay circuit. Input is 

from the pulse generator discussed above. The circuit is essentially 

composed fo four monostable flip flops comprised of pairs of 

nandgates. This pulse is shortened, but remains variable from 2 

psec-200 msec through resistors R1 and R2. The output (pin 4 of ICD 

from the first monostable is shaped and buffered in IC4 (a TTL 

buffer) and then output to the integrator module (D in Figure 4).

This pulse is also inverted and fed into a second monostable which 

generates a pulse (#1) rising at the end of the first pulse and 

falling 2 psec to 200 msec later as set by Rg and R*. Output from 

this, the second monostable, is directed into the third set of gates, 

on IC3, to provide a pulse (#3) which is delayed by the duration of 

pulse #2. The width of pulse #3 is controlled by Ry. Pulse #3 is 

buffered and goes to the A/D converter to alert it that data is 

available.

. The reset pulse (#4) for the integrator circuit is triggered by 

the trailing edge of pulse #3. All pulses are TTL compatible, e g. 

the logic statea are +3 and 0.

The quarts enveloped photomultiplier tubes (PMTl and PMT2) are 

used to measure the fluorescence of the sample (PMTl) and the 

intensity of fluorescence from a Rhodamine B solution (3g/l) 

indirectly illuminated by the dye laser beam. Two different types of
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Delayed

o Dlmf

Figure 6. Pulse shaping and delay circuitry. ICl * IC2 ■ IC3 - 
CMOS4093, IC4 - CMOS4050.
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tubes were used in the experiment. PMT2 wss slweys an RCA IP28Q 

operated from -300 to -600‘volts. Gain in the photocurrent operated 

at this voltage is IO^ - 10*, an adequate amount considering the 

large number of photons impinging on the photocathode. The tube used 

to measure two photon excited fluorescence of the sample was either 

1P28Q, an EMI 9558QB, or Hamamatsu R955. The EMI's gain is two 

orders of magnitude greater than that of the 1P28QB and its signal to 

noise ratio is much greater.

Figure 7 shows the plug configuration and output circuiting for 

a 1P28B photomultiplier tube. Tou will note that the negative high 

voltage is dropped evenly over the eight dynodes of the PMT, which 

accelerates electrons toward the anode. From there current flows 

through a I meg Q resistor (whose purpose is to spread out the rise 

time of the pulse) then into an RC circuit. The resistance and 

capacitance shown yield a time constant of IO-^s. Output signals are 

passed onto an amplifier.

C. High voltage power supplies: ' These are used to provide high 

voltage to PMTl and PMT2. These supplies were very generously loaned 

to us by the late Dr. Ray Toodriff and are matching Fluke model 412B 

0-2000 volt variable with selectable polarity. High voltage coaxial 

cables and BNC connectors were used to connect the power supplies 

with the PMT1S.

D. Amplifier: A dual polarity, linear op-amp based amplifier

constructed by the author. Figure 8 shows a circuit diagram of this 

device. Signals from the phototube are fed directly into the inputs. 

By use of the variable resistor inputs can be matched so that dark
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A, -» R# = Zll K

Figure 7. Base plug and current to voltage convertin circuitry for a 
1P28 photomultiplier tube.
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Figure 8. Circuit diagram of the amplifiera used to collect and 
magnify FVT signals.
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current from the phototubes are effectively subtracted. Resistors 

R(S)-R(S) are selective via an external switch so that a gain of I - 

830 can be obtained. All resistors are precise to I % and the op- 

amps are CMOS 3140s or 307. Two identical amplifier circuits are 

contained within the same box, so that signals from both PMTfS can be 

processed.

E. Gated integrator modules: Evans Associates of Berkeley,

California supplied us with two model 4130 devices which perform the 

services of integrating amplified signals from the PMT s and holding 

the integrated voltage until it is read into the A/D converter on the 

LSI 11. The time interval of integration is set by the pulse delay 

circuit as is the integrated signal hold time. Under normal 

experimental conditions, signals are integrated for ca. 200 ps and 

held for 5-10 msec before being reset to await the next incoming 

pulse. Specifications and circiut diagrams are available in the lab 

of P. R. Callis.

PDPll/03: A high speed, 16 bit computer from Digital Equipment

Company (DEC). The processor is an PDPlI/03 with 321 of RAM. The 

processor was a ift from Dr. Michael Schaer of Computers Unlimited, 

Billings, Montana, and supports the RTllFB operating system. The 

power supply, housing (with 32 slot backplane), 16 bit bus and dual 

8-inch floppy disk drives are from Charles Rivers Data Corporation. 

The parallel interface board (64 bidirectional ports with 

handshaking) is a DEC model DRVll-J and the serial interface is a DEC 

model DLVll-J with 4 send/receive RS232 compatible porta and variable 

baud rates (150 - 9600) for each port. Data from the experiments is
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read into the computer through an analog-to-digital (A/D) converter 

(Data Translation model 762) and is used in our experiments to alert 

the computer that data is being held on the gated integrator module. 

Each channel is individually addressable, however only one channel 

can be read on a single conversion.

Control of the PDPll/03 is from a DEC model VTlOO terminal 

operated at 9600 baud and interfaced through port 3 of the DLVll-J. 

Hard copies of data can be obtained either by connecting a line 

printer to port 2 of the DLVlI-J,or by passing the data through port 

0 onto a hard wire connection to CP6, the campus computer system.

Details of the computer dump hardware are available in the lab of P.
'

R. Callis.

SM1,SM2,SM3- stepping motors: These three stepping motors are

used to scan the dye laser, turn a glan prism polarizer and rotate a 

shutter. SMl is rated at 4.3 volts, 1.8 amps/phase, 40 ox. inch 

torque and 200 step per rotation. SM2 and SM3 are identical and 

require 8 volts at 0.85 amps per phase and provide* 200 steps per 

revolution at 50 ox. in. torque. Connections between the motors and 

the physical devices named above were constructed by Richard Jones 

and/or myself. The shutter is controlled by direct drive, whereas 

the prism is connected through gears and the dye laser by a belt.

F. Stepping motor drivers: Four separate boards were

constructed to provide sequenced pulses to the stepping motors (the 

fourth motor is connected to a small monochromator). These boards 

were designed by Timothy Aoki and the author and were built by
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Timothy Aoki, Richard Jones, Andrew Valkenbnrg and/or myself.

Circuit diagrams are available from P. R. Callis. Control of the 

stepping motor drivers is switch selectable to manual or computer. 

Under computer control, the desired number of steps (sequences of 

pulses), the direction of stepping (forward/reverse) and the stepper 

motor number are sent to a multiplexer, which was designed and built 

by the author, through the parallel interface. The multiplexer then 

switches all control signals to the desired motor's driving circuit. 

Manual control is through a remote circuit attached directly to the 

motor’s driving circuit.

All detection and control circuits are isolated from the ground 

of the laser. Signals and control pulses are relayed between 

devices with coaxial cables and BNC connectors. Power supplies for 

all the electronic devices were built in our lab by Richard Jones or 

myself.

Software

Several programs were written to provide control over 

instrumentation data collection and data processing. A program 

called SPEC was written in fortran and performs the following 

functions:

1. Reads in dsta collected on the A/D converter.

2. Sends pulses to the appropriate stepping motors and keeps 

track of the position or state of these devices.

3. Averages the signals from PMTs and subtracts dark current 

from same.
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4. Writes gathered data to disk files.

Docaaentation and copies of this program are available in the lab of 

P. R. Callis.

A terminal control program was obtained from Panla Fischer (MSU 

Physics Department) which dumps files from the PDPll to the campus 

Honeywell computer through the DLVll-J interface. This program was 

used extensively to transfer data so that manipulations and graphs 

could be made. It is written in Macro and can be obtained in the lab 

of P. R. Callis.

In order to fit the separate two photon excitation curves 

segments together, a program was written in fortran called CURVE.

This program can be executed on any graphics terminal and allows for 

hard copies to be made on the campus Calcomp plotter. Again, details 

and copies are available in the lab of P. R. Callis.

Optics

The optical arrangement used a majority of the time 

experimentally is presented in Figure 9. Described below are each 

component comprising the apparatus.

A. Double—convex lens: A 12.6 cm focal length double-convex

lens with antireflective coating mounted on an x translatable stage. 

This lens is used to gather the dye laser light and focus it to a 

point.

B. . Focal length lens: A 2.5 cm focal length lens coated and

mounted in the same manner as A. The x translatable stage is used to
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Figure 9. Arrangement of optics need in the two photon fluorescence 
excitation apparatus.
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position this lens one focal distance away from the focal point of 

lens A resulting in a eolumated output beam.

C. Neutral density filter: Four 2,# by 2" filters were 

purchased from Rolyn Optics and had transmissions ranging from 9% - 

50*. These filters were moved into the light beam to check the 

quadratic dependence of the sample two photon absorption on light 

intensity. When data was being taken, the the filter was removed 

from the beam path.

D. Glan-Iaser polarizer: This polarizer was used to convert

the laser light to all linearly polarized photons. It was mounted on 

a stepping motor so that its orientation could be varied from 90*, 

relative to the bench top, to 45* in a quick, reproducible fashion.

E. Fresnel Rhomb: This device was mounted on a goniometer head

so that it could be positioned very precisely and was used to produce 

circularly polarized light. When the incident beam is polarized 90* 

to any side of the Rhomb, the outgoing beam retains the same 

polarization. However, if the incoming beam is polarized 45* to the 

Rhomb base, circularly polarized light results.

F. Focusing lens: A 18 cm focal distance double convex lens,
- '

2.5 inches in diameter was used to focus the eolumated laser light 

onto the sample. In order to test whether sample emission resulted 

from two photon absorption, the focal point of the Iena was moved in 

and out of the solution.

G. Sample cell and compartment: Teflon stoppered 48 mm height

by 12.5 mm length by 12.5 mm width fused silica fluorescence cells 

were used to contain samples. The cell holder was mounted within a
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box which also contained a 1P28B photomultiplier. The top of the box 

was hinged to allow easy replacement of samples and to black out 

reflected light.

H. Beam diffuser: The purpose of this element was to diffuse

the beam in order to measure its intensity. A 34/45 to 25/40 ground 

glass bushing adapter placed directly in the beam was selected to 

serve this purpose.

I. Reference cells: Four plastic disposable absorption cells

were filled with Rhodamine B solution (3 g/1) and taped onto the 

light entrance of the reference FMT housing. The diffused laser 

light was absorbed by the Rhodamine B solution and emitted at a 

constant wavelenght which, in turn, struck the PMT photocathode.

I. Light filters: Quarts plate filters were purchased from

Rolyn Optics and were CS-7-54-9863 UV transmitting. To further 

filter the light reaching PMT2, a I cm X 4 cm X 4.6 cm quarts cell 

was filled with NiSO^ solution and placed in the emission path.

X. Fluorescence monochromator: In order to measure two photon

excited fluorescence spectra, the fluorescence monochromator of the 

analog instrument described earlier was placed in the configuration 

shown in Figure 9. The 9558QB PMT was attached to the exit slits to 

measure sample fluorescence.

The mounts for the optics and devices described above were built 

by either the personnel of the Physics machine shop, Richard Jones or 

myself. A 3/8" X 48" X 144" sheet of aluminum was placed on top 

of the bench in our lab and'was drilled and tapped to provide a
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surface on which to mount the optics. No specific care was taken to 

reduce building vibrations at the optical surface.

Experimental Procedure

Samples were mixed in 50 ml ground glass stoppered volumetric 

flasks. Benzimidazole solutions were 0.2 molar in a 1:1 mixture of 

cyclohexane and isopropanol.' Absorption and fluorescence 

measurements were taken of dilute samples of these mixtures to check 

their purity.

Approximately 5 ml of each sample was transferred to 13 I 13 I 

48 ml fused silica cells and sealed with teflon stoppers. The 

samples were then excited, in turn, by dye laser light in the 

wavelength range from 400-600 nm at .5 nm increments and the 

fluorescence intensity divided by the square of the laser intensity 

was recorded.

The emission was checked several times over the tuning range of 

each dye to insure that it varied as the square of the laser 

intensity. Since the range of the laser dyes were limited to ca. 30 

nm, overlaps of 5 nm between dyes were measured where possible. 

Special care was taken to make sure that scattered light surrounding 

the beam was eliminated and that the light reaching the sample was of 

high quality. The data gathered from each dye was written to the 

PDPll disk, then transferred via a hard wire couple to the campus 

Honeywell 66 computer.

When the desired wavelength range had been covered, the curve 

segments were fit together by use of the program CURVE (described
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above) which require* visual inspection (on a Tektronics 4010 CRT) 

and user issued corns*ande to scale the curve segment* relative to each 

other. When the spectrum was completely assembled, a hard copy was 

produced on the Calcomp plotter.

To check whether our equipment and methods provide a true TPA 

spectrum, excitation of benzene's Ly band was determined using the 

above equipment and procedures. Figure 10 display* the results of 

this first attempt. These results are identical in wavelength and 

intensity to those kindly sent to us by Thomas Scott, a former 

graduate student of A. Albrecht at Cornell University.
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Figure 10. TPE of benzene's Ly band.
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POLARIZED FLUOEES CENCE OF 5-METBYLCYTOSINE

Results

Figure 11 shows the absorption and corrected fluorescence 

spectra for 5-eethylcytosine cation (SMC4-), 5MC and 5-methylcytosine 

anion (SMC") at pH’s of 1.8, 7.5 and 14.0, respectively. In related 

experiments, the shift from cation to neutral speeiation and that of 

neutral to anion were observed in the pH ranges of 4-6 and 11-13, 

respectively. This is in agreement with the pta of 4.6 and 12.4 

reported for 5MC by Shugar and Fox (52). Table 2 shows our 

experimental and calculated results for the three species of 5MC.
—4You will note that the if's for 5MCT and 5MC are very low at 3 x 10 

and 5 I 10~4 but that the anion fluoresces 30 to 50 times more 

strongly. Since the polarisation ratio of fluorescence is inversely 

related to 4f, 5MC- shows a much more depolarised spectrum (ly/Ig = 

1.04) at room temperature than its neutral (Iy/Ig ■ 1.4) and cation 

(ly/In ■ 1.69) counterparts. At low temperature (-100*0, all three 

display high polarisation ratios in accordance with strongly allowed 

electronic transitions.

Lifetimes, either calculated or experimental, are also shown in 

Table 2. Radiative lifetimes were calculated by the Stickler-Berg 

method (3), e g. by integrating the area under the first absorption 

band, and were found to be about 10 ns for each species.
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Figure 11. Absorption and fluorescence of 5MC"*" (-- ), 5MC (---) and 5MC- (*••) in room temperature
aqueous solution.
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Table 2. Polarizations at room temperature and in low temperature
glasses, fluorescence yields, computed radiative lifetimes 
and calculated rotational correlation times for 5- 
methyIcytosine species.

5MC+ 5MC 5MC"

Iv ZIh  (2931) 1.69 ± .001 1.40 ± .01 1.04 + .01

1VoZ1Ho (1801) 1.79 ± .01 1.75 ± .01 1.70 ± .01

P (293K) .256 ± .003 .167 ± .003 .020 ± .005

P0 (ISOI) .283 ± .003 .273 ± .003 .260 + .003

XfZx0 0.1 ± .02 0.58 ± .06 1 2 + 4

♦f I IO4 (2931) 3 ± .5 5 ± I 140 ± 10

To® ns 7 ± .7 10 ± 1 11 ± I

t|B P. 22 ± 10 9 ± 4 11.5 ± 3

Xf5 Pt 2 ± 0.5 5 + 1 140 + 10

t*tlcl p. 40 40 40

Fluorescence lifetimes (x*) are also shown and were calculated by use 

of the formula

Tt - To*t noi
From this data, experimental polarizations and the Perrin equation 

(60) (see equation I), xcSB were determined and found to be about 2-4 

times faster than those calculated by sticking hydrodynamics. Values 

for the ratios TfZx6 were obtained from the measured polarizations 

and the Perrin equation.
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Figure 12 shows a plot of log quantum yield and polarisation 

ratio versus pH for 5MC. Curvature is seen in both sets of data near 

the reported PtalS of 4.6 and 12.4, indicative that two different 

fluorescing species existing in equilibrium are present in those 

regions. The solid curves seen in this plot were calculated from the 

reported PtalS and molar extinction coefficients and the data in 

Table 2. Quantum yields and polarisation data presented here are in 

good agreement with those reported previously (6,67).

Conventions and Theory

Polarisation ratios (N) can be obtained in several different 

manners. The two most popular methods are to position a polariser 

between the light source and sample and either measure the resultant 

fluorescence intensity with or without a polariser in front of the 

analysing monochromator. These two methods are roughly equilvalents 

in that polarisation ratios (N = and polarisations {P ■ (Iy -

1H ^ 1V + found by use of a single polariser can easily be

translated to those values expected from use of two polarixers by the 

expression P2 ■= (Nj - l)/(Nj). One polariser was used in all the 

experiments reported here.

Rotational correlation times for a sphere with solvent sticking 

to its surface can be calculated by use of the Stokes-Einstein 

equation

-stick
c qV/kT 111]

where q is the viscosity and V is the molecular volume of a sphere.



Figure 12. Experimentally obtained 4f'a (e) polarization ratios (B) of 5MC as functions of pH in 
room temperature aqueous solution.
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Te used a slightly different for* of this equation which takes into 

account the molecular geometry in finding T***6* (62). 5MC was 

assumed to be an oblate elipsoid with axial lengths of 3.4 and 8.1 

for the axes perpendicular and parallel to the molecular plane, 

respectively. Molecular volumes were found by summing the Van der 

Weals increments (63). A value of 118 I* was found for 5MC while 

that found by assuming an oblate ellipsoid is 117 1^. An average 

Tstick ytine of 40 ps was obtained for 5MC by use of these methods. 

For a more detailed discussion on these points, see reference 28.

Discussion

As can be seen in Table 2, and Tc values found in this

work only differ by a factor of 2-4. This is quite reasonable since 

Tstick Ytincs ere an upper limit of the rotational diffusion times 

and is probably a lower limit (5). This also implies that Tf**0^ 

is 2-4 times longer than t|®, a result which is in agreement with the 

work done by Callis (5) on the four DNA bases.

That our results for SMC vary so widely from those found by 

Morgan and Daniels (6) is due to different, and incorrect on their 

part, interpretation procedures. They state that t|b  is ea. 50 times 

faster than T*tick» an order of magnitude greater than the difference 

calculated in thia work. Using their value of t |® - T**^®^/50 ■ 0.85 

and a value of 0.58 for the ratio TfZr0, yields Tf ■ .45 ps, a factor 

of 9 faster than t|b which is assumed to be an upper limit for 5MG.

Morgan and Daniels (6) found their values for Tc from the slope 

of 1/P ve. 4 for 5MC where pH conditions were changed under the
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assumptions that T* for 5MC was changing with pH and that Te ia given 

by

.SB slope [12]

This equation ia only valid for a single emitting species. In the 

experiments performed in our lab, the results of which are seen in 

Figure 12, we were only able to change the 4f 5UC solutions by

introducing cation or anion fluorescence. Since obviously the and 

Tf of neutral 5MC do not change, Morgan and Daniels interpretation is 

inappropriate.

In 1952, Weber (64) derived an equation for finding the 

polarization of fluorescence from a solution containing more than one 

fluorescing species when excited by unpolarized light. It ia given 

by

I I
P 3 [13]

where

fi [14]

and If is the total fluorescence intensity emitted by the ith species 

at the exciting wavelength chosen.
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If there is a wavelength of excitation where the I^'s are in the 

same proportion as the integrated fluorescence intensities, then the 

following equation is valid.

fi
Xi*i xi*i [15]

where is the fraction of light ahaorbed by the ith species, ia 

the quantum yield of the ith species and 4^0% ** the apparent quantum 

yield of the solution.

The exciting wavelength meeting the above criteria for 5MC and 

5MC- is 355 nm. We deduced this after all our experiments were 

complete, however, so all the polarisation work was done at 345 nm. 

This has only a negligible effect on our results. .

We can rewrite the Perrin equation by introducing equations 12 

and 13 to get

I I---- +  —
P 3

5
froi

xi+i

+

[16]

where Pol is the limiting polarisation of the ith species, Tfl is the 

fluorescence lifetime of the ith species and Tcl is the rotational 

correlation time of the ith species. Rewriting equation 16 for 5MC 

and 5MC- and letting TfaZrea - Ra, TfnZrcn « Rn, where the
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subscripts denote the anion and neutral, respectively, we obtain.

I I 
P + S

i.*. V .--------------  + ------------

<-=--- + -4-)(l + Ra) (— ---+ -4-) (I + Ra)
Poa 3 Pon 3

[17]

If we substitute Xn - I - X a and take the derivative of equation 9 

with respect to 4, we find that the slope in the limit of small Xa of 

a 1/P vs. 4f plot is given by

slope

L-I -> I "

+a - *n
(I + Rn) I + Ra I + Rn

#a - $n
[18]

where Po and T0 are the same for both species. If we let Z be equal 

to the terms enclosed in brackets and solve for T6 we obtain

TO .SB slope I
[19]

where the Z value was found to vary slowly from 0.9 to 0.95 at small 

anion concentrations. From equation 19 we can see that the linear 

variation Morgan and Daniels found for of 5MC was merely an 

unfortunate coincidence.

Figure 13 shows a plot of 1/P vs. t®58. The boxed in area in 

the lower left hand side of the graph indicates the region studied by
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Figure 13. Experimental values of 1/P plotted versus i ® 8 for 5MG. The dashed lines above and 
below the points were obtained seei-eepirioally.
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Morgan and Daniela (6). The elope in thia area ia ea. 10* which is 

in agreement with that found by the above authors (6). However, 

using equation 19 we find t , ■ 13 pa, as compared to 1.7 pa obtained 

by use of equation 12.

You should also note that the experimental points in Figure 13 

become increasingly non-linear as more anion is introduced. The 

dashed curves in Figure 13 were produced from equation 16 using the 

values of Tf reported in Table I and T0 ■ 10 ns for both the anion 

and cation. Values for T0 of 11 ps and 14 pa for 5MC and SMC” were 

used to obtain the lower curve while T6 ■ 7 pa and 9 pa yielded the 

upper line. Values taken from this graph are in very good agreement 

with those presented in Table I.

Comment should be made on the accidental appearance of the 

cation point in Figure 13. That it appears to fall on the line 

created by the neutral and neutral-anion mixtures is purely 

coincidental. The t0® for SMC+ was found to be about twice that for 

5MC and SMC”, which is not unlikely since it is probably more highly 

solvated. However, this fact coupled with the slightly higher 

polarization and lower 4f places it directly on a line passing 

through the first five points.

Lastly, it should be pointed out that P0 values used in 

obtaining T6 values above were from low temperature-viscous glass 

experiments. These are somewhat below the theoretical maximum of

0.333. However, experiments in our lab have never obtained this high 

value. Albrecht (65) pointed out that there is some intrinsic 

depolarization in molecular fluorescence even at very short times
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after excitation, ao we felt it appropriate to use the experimental 

P0 value*. If 0.333 had been used, T0 would be 5.5 - I and 7.7 - I 

pa for 5MC and 5MC*, respectively.

Conclusion

It was shown that the fluorescence lifetime of 5MC does not vary 

with pH as previously reported (6) and that changes in of 5MC can 

only be affected by introducing small amounts of its cation or 

neutral form. Using Weber's (64) equation and the Strickler-Berg 

method (3), we have found that r|B values for 5MC and 5MC~ differ by 

a factor of ca. 4 from those predicted by sticking hydrodynamics.

In addition, it was found that 5MC* appears to rotationally 

diffuse twice as slowly as the neutral and anion species. This is 

thought to be a consequence of this charged molecules more tightly 

bound hydration sphere.
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WAVELENGTH DEPENDENT QUANTUM YIELDS OF 5MC, CYTIDINE AND THIMINE

Result* snd Discussion

Tsutomers

Unlike in the case of adenine snd guanine, no single tautomer 

exists which can readily be blamed for causing the excitation energy 

dependent of cytosine. Although more than ten tautomers and 

conformers can be written for cytosine, only a few have actually been 

characterized in experiments. Six of these tautomers are pictured in 

Figure 14. We see that two of the structures shown in this figure 

are in the amino - keto form (I and II), one is shown as an imino - 

keto (III), two are pictured as imino - enol tautomers (IV and V) and 

the last is seen to be an amino - enol (VI). Structures I and II and 

molecules IV and V only differ by the placement of the ring hydrogen

(from N(I)H ---> N(3)H). Early research (66) has shown that cytosine

exists as structure I a majority of the time in aqueous solutions 

while it has been asserted that structure VI is most stable in the 

gas phase (67). Only a small number of studies, both experimental 

and theoretical, have been performed with the aim of elucidating the 

equilibrium between tautomeric forms of cytosine. A survey of the 

current literature will be presented here along with a further 

discussion of the consequences of cytosine tautomerism.

In one of the earliest papers appearing on this subject,

Goddard, et. al. (67), have used an ab-initio LCAO-MO-SCF
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Figure 14. Structures of six of the possible cytosine tautomers.
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Hartree-Fock-Roothan calculation with a contracted Gauaaian basic set 

to investigate the six cytosine tautomers shown in Figure 14.

Partial results of their study are shown in Table 3.

Table 3. Results from study by Goddard, et.al.(67).

TAUTOMER TOTAL ENERGY 
(Hartree)

RELATIVE ENERGY 
(kcal/mol)

IONIZATION POTENTIAL 
(eV)

IV -387.4784 41.42 5.45
V -387.4977 29.29 5.47

III -387.4984 28.48 6.26
II -387.5066 23.70 5.42
I -387.5161 17.73 5.80

VI -387.5400 00.00 6.80

One should note that these results predict structure VI to be the 

most stable tautomer as an isolated molecule, i.e. in the gas phase 

at low pressure. Tautomers I and II appear to be much less 

favorable, with a AH of 17.73 and 23.70, respectively, with the 

energies of structures III, Y and VI lying even higher in energy. 

These results are more or less those expected for low pressure gas 

phase experiments. Possibly, the aromatic character of structure VI 

could provide added stability in the absence of any solute-solute "or 

solute-solvent interaction. In aqueous solution, this tautomer might 

likewise be expected to be the least favorable due to its lack of 

solvation energy. The relative ordering of the remaining five 

tautomers energies would be expected to remain intact in moving from 

the isolated molecule to that of the solvated molecule case judging 

from the similarity of their solvation sites.
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In a more recent study by Cxcinirrski, Lesyng and Pohorille (68) 

using the semi-empirical MNDO/3 method, structure I was found to be 

lowest in energy, followed by tautomers II (AH ■ 3.7 kcal/mol). III 

(AH - 4.7 kcal/mol), VI (AH - 8.9 kcal/mol), V (AH « 19.2 kcal/mol) 

and IV (AH ■ 20.0 kcal/mol). These authors employed complete 

geometry optimization which could account for some of the differences 

found between this work and that of Goddard, et. al. (67). Assuming 

no large changes in entropy, tautomers T V - V I  would possess Ky'* on 

the order of IO-^ to IO-^ ,  assuring that their occurrence in aqueous 

solution would be rare indeed.

Yu, Peng, Akiyana, Lin and Lebreton (69) performed a DV 

photoelectron spectroscopic investigation of cytosine and various 

methyl substituted cytosines in which CNDO/S calculations were 

employed in correlating spectroscopic data. These authors found that 

the CNDO/S generated molecular orbitals of tautomer I were in 

excellent agreement with the photoelectron spectrum of cytosine. 

CNDO/S calculations of the amino-oxo forms of 1-methyleytosine, N*,l- 

dimethylcytosine, N*-K*-dimethylcytosine, 1,5- dimethylcytosine, 1,6- 

methyleytosine, 5-methylcytosine and 6-methylcytosine were found to 

give the best fit to experimentally obtained UV photoelectron spectra 

of these molecules.

Only scant direct experimental information has been gathered on 

the tautomerism of cytosine. Barber and Marsh (70) have observed 

that I(H)cytosine is predominant in the crystal form. A study by 

Bensaude, Dreyfus, Podin and Dubois (71) provides the only other 

available tautomeric information on cytosine. These authors have
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utilized temperature jump kinetic experiments in order to 

characterize the thermodynamic (AH) and kinetic (Kj) behavior of 

cytosine tautomers. They estimate by use of temperature jump 

experiments along with UV and IR spectroscopy on methylated cytosines 

that the equilibrium constants for the reactions

I(H) cytosine 3(H) cytosine [20]

Kt
I(H) cytosine ----> 1,3(H)-immocytosine [21]

are 1.3 I 10~^ and 2 X IO""1 ,̂ respectively, that the AH for reaction 

20 is 3.2 ± .6 kcal/mol and further conclude that the lifetime of 

imino-cytosine is 3 X 10~® seconds.

Several authors have circumvented the inherent difficulties of 

investigating cytosine tautomerism by, instead, researching the 

possible tautomeric forms of cytidine. This molecule has only three 

possible structures (excluding movement or addition of protons on 

C(5) and C(6)) which are illustrated below.

VH2

I
R R

[22]

I II III
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Structure I, which is generally conceded to be predominant in 

aqueous solutions, is merely cytosine with a ribose ring substituted 

for the NI proton. As has been discussed above, this replacement 

should only introduce a small change in the properties of cytosine. 

Indeed cytidine's ABS is very similar to that of cytosine and the pK 

values of the two (4.6 and 12.4 for cytosine, 4.1 and 12.4 for 

cytidine) correspond very closely. From this point onward, the 

present author will consider trends in cytosine's and cytidine's 

physical and photophysical properties to be interchangeable.

One of the most thorough experiments! investigations of the 

cytidine tautomer and also the most applicable to the fluorescence 

spectroscopy of cytidine tautomers, was performed by Vipond, et. al. 

(72). In order to establish the major tautomeric form of cytidine 

found in neutral aqueous solution, UV absorption spectra of cytidine, 

N*,N*-dimethylcytidine (representative of structure I), and 3- 

methylcytidine (II) were taken. An attempt to obtain spectral 

information for structure III (mimicked by l-methyl-2-methoxy-4- 

imino-pyrimidine) failed due to this molecule's tendency to rapidly 

hydrolyze to form 1-methylcytosine in basic aqueous solution. Thus 

eliminating structure III, the authors find that 3-methylcytidine's 

(3MCD) absorption curve does not in the least resemble that of 

cytidine while that of N,N-dimethylcytidine correlates very closely 

with that of the nucleotide. From this and the fact that structures 

II and III have pKa's in excess of 9.0, cytidine's amino form (I) is
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•••need to be the major tautomeric structure found in aqueous 

solution.

Tautomerism was first investigated as a source for thymine's 

wavelength of excitation dependent (2). Figure 15 shows the six 

tautomers that can be drawn from thymine's general structure. Gerdic

(73) established that structure I is predominant in the crystal form
/

from x-ray crystallographic data.

In later work (7), absorption and luminescence data was 

collected for thymine and aome closely related pyrimidine derivativea 

in EGW at 77K. Uracil and thymine were reported to display no 

emissive character at room temperature in aqueous solution in 

contrast to EGW at 77K where both were aeen to fluoresce only. When 

comparisons were made with 1,3-dimethyluracil (DMU), 2,4- 

dimethoxypyrimidine (DMP) and 4-ethoxy-2-pyrimidine (EP), thymine and 

uracil were concluded to behave most nearly like DMU since DMP and EP 

were found to exhibit measureable quantum yields of fluorescence at 

room temperature along with both strong fluorescence and 

phoshorescence at 77K in neutral EGW. DMU (structure I, lactam 

only) did not luminesce at 298K and only a weak fluorescence was seen 

in low temperature glass indicating that uracil (and thymine) must 

exist in tautomeric form I with the implication that tautomers III,

TV and VI are unlikely challengers for the minor species responsible 

for thymine's fluorescence.

In slight disagreement with the above results is a more recent 

report on the room temperature luminescence and tautomerism of 

thymine in aqueous solution. Two tautomers are contended to be



76

y H

?
/ C H 3  h A O X

Ca
) X .-r

I E m

k  ^
N'
H

‘N'
H

3 H n

? X ,

'X,

’3 N

Figure 15. Structures of six of the possible thymine tautomers.
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responsible for the molecule's apparent luminescence, one 

nonfluorescent species with a measurable triplet yield and another 

minor species possessing a quantum yield of 2.5 I 10~* at 298K in 

neutral buffer (17). A curve resolving routine is ezcercised in 

order to fit two bands representing those required above into 

thymine’s ABS spectrum, a process not unlike solving a single 

equation containing two unknown variables. The author concludes that 

the diketo tautomer (structure I) and the lactim speciea (structure 

III) correspond to the nonfluorescent major form and the minor 

fluorescent species, respectively. A later report has shown that 

thymine's quantum yield is independent of the wavelength of 

excitation in aqueous solution at 298K (19). This result has been 

confirmed by a subsequent investigator (18) and thus, thymine 

tautomeric studies at 3OOK have lost most of their attraction.

The fact remained, however, that thymine's FES and ABS do not 

coincide in low temperature neutral EQW glasses. The phenomena was 

once again addressed in 1980 by Kogan and Becker (39) as they 

examined the ABS, FES and fluorescence properties of thymine, uracil, 

thymidine, dimethyl thymidine and dimethyluracil in ethanol-methanol 

(3:1 by weight) and in 2-methyl-tetrahydrofuran (MTHF) at 77K. They 

concluded that all observed luminescence is intrinsic to the major 

tautomeric form (diketo,structure I) for each of the five pyrimidine

derivatives under consideration.



78

Competitive Deactivational Pathway*

A third possible explanation for the wavelength of excitation 

dependent quantum yields has been proposed by Weber and Teal (74) and 

involves competition between nonradiative deactivational pathways 

either within the singlet manifold or between the singlet and triplet 

states with vibrational relaxation, which would be violations of 

Varilov's law (75). This law states that all rates of molecular 

relaxation are slow compared to vibrational cascade. Coincidence of 

fluorescence excitation and absorption curves rely heavily upon this 

law, since if the rate constants for fluorescence (kf), internal 

conversion (k£e), intersystem crossing (k£se) and vibrational 

relaxation (Ityr) were competitive, one could just as easily talk of 

quantum yield curves instead of values.

Given below is a kinetic representation of the reaction

ko
M* ----> M + E [23]

where M* is the excited molecule, M is the ground state molecule and 

E is energy. This equation can be expanded to contain all the rate 

constants discussed above.

M*(Sv) M*(S1) + E' [24]

M(So) + E "

M*(S1) ■■ 1>C > M*(Tl)K M(So) + hVL

[25]
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M*(SI)
kf

M(So) + hVj [26]

M*(SI) *ic
-----> M(So) + E [27]

Equation 24 is vibrational relaxation from upper vibrational 

states to the ground vibrational level of the first excited state, 

equation 25 is intersystem crossing followed by internal conversion 

or phosphorescence, equation 26 represents fluorescence and equation 

27 is internal conversion from SI to So. Under constant illumination 

assuming Valilov’s law is valid, e g I^r »  k£, kic and ki#c, the 

rate determining steps are 25, 26 and 27 and the quantum yield for 

any process is a constant given by equation 28.

i A ki- ------ [28]

' b

where i is for ic, isc and f and the following equation can readily 

be written

5* - I [29]

Equations 28 and 29 are always true for any given wavelength of 

excitation. It can readily be seen from these equations that the 

only way energy dependent quantum yields can be obtained ia if one or 

more of the rate constants vary with energy above the 0-0 transition.
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Therefore, the constants most not only be on the same order as Ivr in 

magnitude, but also must increase at vibration modes above the 

zeroeth. Under these circumstances, equation 28 could be rewritten

as

phase, isolated molecule experiments (36) and in fact, pyrimidine, 

the parent compound of uracil, thymine and cytosine exhibit 

wavelength of excitation dependent quantum yields when viewed under 

these circumstances (37).

Values of 4|so have been reported for thymine (76) in aqueous

solution and it seems that its value is also dependent on wavelength
. ■ ••

of excitation, increasing by a factor of four as excitation energy is

increased above the 0 — 0 into the first absorption band. These 

authors have invoked an argument which suggests that a violation of 

Vavilov’s law is responsible for this phenomena. Brown and Johns 

(77) have also noted that the yield of uracil photodimer is dependent 

on wavelength.

Vibrational relaxation rates have been estimated to be on the 

order of 10 ^  seconds and values for kf have been calculated by use 

of the Stickler-Berg equation (3) to be 1.4 I IO8 sec-1 and ca. 1.0 I 

IO8 sec-1 for SHC and thymine, respectively. Here it is assumed that 

T0 is constant in going from room temperature aqueous solution to low 

temperature EGV glass. Quantum yields of SHC and thymine are found

[30]

Bonifide violations of Vavilov’s law are quite common in gas
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to be e*. .OS and .002 in low temperature glass when exciting at the 

absorption maximum. From this information, and from estimating 

for the molecules to be near IO- ,̂ we can use equation 28 to derive 

values of k£0 and k£SC which are on the order of I O ^  sec-1 and 10* 

sec-*, respectively for both molecules.

One would expect to find smaller values of hie in low 

temperature glass versus room temperature aqueous solution due to the 

large dependency shown in the quantum yields of thymine and SMC on 

the temperature of solution.

On comparison, is seen to be approximately 10* smaller than

]r r ,  an observation which tends to exclude competition between these 

two rate constants as being the source of noncoincidence in the 

action and absorption spectrum of thymine or SMC.

Turning to ve see that this rate constant is only one order 

of magnitude less than 10*^, an approximate value for Ivr and, given that the 

values seen here are probably no better than ± 50% accurate, it is 

quite likely that the two are nearly equal.

Assuming that the above is true, e.g. kjc ~ kvr and that k£c 

increases with excitation energy, the following luminescence 

properties could be expected from SMC or thymine solutions: I)

Quantum yields of fluorescence and phosphorescence which decrease 

with increasing excitation wavelength, 2) An increase in the energy 

dependence of quantum yields as temperature increases, 3) Slight 

increases in the polarization ratios as the excitation is varied

across the band.
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Figure 16 shows-the absorption and phosphorescence excitation 

spectrum of 5MC at pH 9.0 in EGV at 1401. The phosphorescence 

excitation can be seen to perfectly fit the absorption to within 

experimental error. Thymine is not known to exhibit phosphorescence 

in neutral solution, but it seems abundantly clear that SHCs and 

dp are not both functions of excitation wavelength.

As to hypothesis 2, that the quantum yield will show even 

greater energy dependence at higher temperatures, recent results have 

shown that the only way red-shifted FES': can be obtained for the 

bases at 3OOK is through tautomerism (18,19,20). And, finally, the 

polarisation ratios of 5MC and thymine are high and constant 

throughout both their excitation and fluorescence curves.

Local Heating

SMCs fluorescence intensity in neutral EGl glass as a function 

of temperature in the region 100K - 203K is graphed in Figure 17. An 

increase of only a factor of 15 is apparent in going from 293K to 

152K, however, as the temperature is lowered an additional 40K, SMCs 

fluorescence intensity becomes 2 orders of magnitude greater than 

that viewed at room temperature. In additional experiments, the 

luminescence was found to increase steadily to around IOSK at which 

point, it flattened out and remained nearly constant to 77K. It 

should be noted that similar behavior was exhibited by SMC in EM 

glass.

The series of absorption and excitation curves shown in Figure 

18 are from neutral EGV glass at various temperatures. At 203K, the
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Figure 16. Absorption (---) and phosphorescence excitation (---) of
5MC in neutral EGW at -130eC. Ap ■ 425 n*.
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excitation of 5MC is seen to nearly coincide with its corresponding 

absorption. Any error is probably experimentally induced due to the 

low signal to noise ratio at this low signal intensity. No 

difference was found between the excitation at 2931 and that at 17BE, 

though the temperature is 95* lower and the quantum yield is an order 

of magnitude stronger. The spectrum from 5MC in EGW at 17SE, 

however, shows a significant amount of red-shifting on the leading 

edge from those at the higher temperatures. Also, it's minimum has 

deepened and moved 3 to 5 nm to higher energy. In comparison, the 

FES at 163E shows an even greater shift on the red edge and it's 

minimum is seen to be further deepened and blue shifted. Results 

from 148E are identical to those from 163E, indicating that the 

shifting process has been completely affected within the temperature 

range of 198 - 163E.

Reviewing Figure 17, we see that the greatest change in 

fluorescence intensity occurs over the temperature interval of 152 - 

1101. That the wavelength dependence in SMC’s is introduced in 

the range of 198 - 163E would not be surprising considering the 

present theory and experimental parameters. All the intensity values 

in Figure 17 were measured under 270 nm excitation which provides 

more than 3500 cm-* energy in excess of that required to excite the 0 

- 0  band.

In the last section, the formula for quantum yields as a 

function of rate constants wss presented (see equation 28). If we 

assume that >> kig0, Rpo then we can rewrite this equation as
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Figure 18. FES spectra of SMC in EGV at 2931 (---), 1781 (---), 1631
(•••) and 148 I(— ). Xf - 330 na.
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♦f
kf

kic +. kf
[31]

which cimplifie* the relationship greatly. If we further assume that 

kf as calculated by the Strickler-Berg relationship is constant with 

temperature, we can rearrange equation 31, taking the log of both 

sides to yield

In ( ‘ kf> U U l c ) [321

Figure 19 shows a plot of In kic versus inverse temperature 

produced from the data of Figure 17. These results could suggest 

that two different mechanisms are responsible for the variation of 

5MC's with temperature, one being dominant at higher temperatures 

and the other at low temperatures. It should be pointed out that 

this graph is not expected to be linear, since solvent viscosity is 

also reported to play an important role in the increase of the DNA 

base’s quantum yield with temperature (24).

From the above graphs and discussion, it can quite easily be 

seen that if dissipation of heat from the molecular environment is 

slow in comparison to the rate of internal conversion, energy 

dependent quantum yields could result.

Observations and experimental facts which tend to exclude local 

heating as being the source of wavelength dependent 4 f’s are: I)

Thymine and 5MC show wavelength dependent at 77K, a temperature at 

which the quantum yield is almost independent of temperature change.
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Figere 19. In k. of 5MC in neutral EGW solution verms T
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2) Iogan and Becker found that thymine, though highly aenaItive to 

temperature in its fluorescence intensity, did not display a red 

shifted excitation spectrum in EM, 3) SMCs cation, which exhibits 

an even greater temperature dependence in its quantum yield and has 

constants very similar to the neutral form, does not possess a 

wavelength dependent quantum yield.

Solvent Effects

Thvmine. In Figure 20 is shown the fluorescence excitation and 

absorption spectrum of thymine in EM glass at 1231. Comparison of 

these results with those displayed in Figure 21 reveals that the ABS 

maximum for thymine occurs at the same wavelength in both glasses, 

but that the peak of the excitation curve is almost coincident with 

absorption in EM whereas in EGV, it is not. Ve also see that, in the 

case of EM solvent, the entire excitation spectrum of thymine is only 

a couple of nanometers red-shifted from the absorption. This sort of 

weak shift has been observed by us many times for weakly emitting 

molecules which are reported to have wavelength of excitation 

independent quantum yields.

Further experiments by us have produced much the same results. 

On further reducing the EM solution temperature to -1001, thymine 

showed only slightly better agreement between the absorption and 

fluorescence excitation, which is probably due to the increase in
i ' '

signal to noise ratio. This agreement seemed to be insensitive to 

the method of sample preparation, contrary to the findings for SMC
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Figure 21. ABS (---) end FES (---) of thy a Ine in EGW glees et 1431.
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which will be discussed later.. The slight mismatch in the FES and 

ABS of thymine could be due to experimental error.

As was pointed out earlier, Kogan and Becker (39) found no 

dependence in the quantum yields of thymine and some methylated 

uracil derivatives on the energy of excitation within the first 

absorption band in EM or MTHF glasses. These results, coupled with 

the supporting evidence uncovered in our laboratory and the recent 

agreement that thymine has well-behaved fluorescence^properties in 

aqueous solution at room temperature (18,19), provide a powerful 

argument in favor of solvent participation in the fluorescence of 

this molecule.

It is well known that hydrogen bonding and/or solvent 

interaction lowers the energy of nonbonding orbitals of a molecule a 

considerable amount, while only slight differences have been seen in 

the energies of the n M.O.'s. In fact, the absorption maximum of 

thymine is seen to shift only 4 nm in going from EM glass to 2-MTHF 

solvent at 77K (39). However, the quantum yield of fluorescence 

decreases by a factor of 1 0  in the nonpolar solvent as opposed to the 

alcohol mixture. The major absorbing species in M W  shows a maximum 

near 264 nm while the excitation peak is at ca. 270 nm. It is quite 

conceivable that thymine, being heavily solvated, could display an 

absorption shift of 6  nm.

Another point to consider is that in EM all the solvent 

molecules are of nearly the same hydrogen bonding strength, while in 

EGW, at least two distinct sites of widely different strengths exist, 

on the water molecules and degenerate positions on ethylene glycol.
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No thermodynamic or kinetic data haa been collected for the non­

hydrogen bonded - hydrogen bonded equilibrium of thymine. A similar 

case exists though in the fluorescence of retinals. Becker and 

covorkers (78) found nonagreement between the FES and ABS spectra of 

this molecule and the same hydrogen bonding equilibrium was invoked 

as an explanation.

It seems likely that the noncoincidence in the absorption and 

excitation spectra of thymine in EGW is due to a variance in 

solvation. The absorption of the major species is at 264 nm and 

results in very little emission, while a minor hydrogen bond form 

absorbs near 270 nm and provides considerable emission.

5-methvlcvtosine. The picture in Figure 22 is the ABS and FES 

of 5XC in EM glass near 1231 (a) and IOOE (b). Graph (a) displays 

two curves which are closely matched, with only small differences 

apparent through the entire band. The slight umbrella effect seen in 

the excitation relative to the absorption spectrum is most likely 

caused by experimental error. Even less disparity is seen between 

the two curves, in b.

Figure 23 presents the ABS and FES of SMC in various nonaqueous 

solvents at or near each’s individual glass point temperature, e g. 

the temperature at which the solvents form a clear uncracked rigid 

solid. Quite clearly, the results from EGE (EG-ethanol 60:40 by 

weight) and MeOH-t-butyl mirror those seen above for SMC in EM. Only 

slight discrepancies are apparent in the ratio of FES to ABS and 

again, probably arise from experimental error. In contrast, the
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Figure 23. ABS C---) end FES(---) of 5MC in ieopropanol-aetkenol-
isoyeelane (IMI)t netkasol-t-bsteeol eflyf***
glycol-eetkanol (EGM) end ethylene glycol-ethanol (ME) 
near 1431. Tf - 330 nm.



96

graphs produced in EGM (EG-eethunol 60:40 by weight) and IMI
* - ■ •

(isopentane-methanol-isopropanol 4:2.5:1.25 by weight) glasses are 

more reflective of the corresponding curves observed for 5MC in EGW 

glasses. Here, gross mismatches are seen in the FES spectra with 

respect to the ABS, telling of a highly wavelength of excitation 

dependent quantum yield. In the case of IMI, one would expect to 

view a coincidence in the ABS and FES which exceeds that found in EM.

Further experiments proved that the above results were quite 

irreproducible. Even in EM, the fluorescence properties were found 

to be highly dependent on the lot number of 5MC used, the vendor, the 

solvent preparation and the length of time taken between ABS and FlS 

measurements.

In order to sort out the intrinsic solvent effects from those 

experimentally induced, we began a methodical series of 

investigations during which the following facts were uncovered: I)

5~methylcytosine precipitated from hydrochloric acid always displayed

noncoincidence between its ABS and FES spectrum, regardless of which
- 1 . .

solvent was employed, while 5MC monohydrate was inconsistent with 

respect to this property, 2) When ethanol or methanol was filtered 

through activated charcoal prior to use, almost invariably wavelength 

dependent quantum yields resulted for 5MC, 3) If the samples were 

exposed to room air for extended lengths of time, the probability of 

viewing anomolous fluorescence properties was heightened, 4 )

Addition of one drop of neutral water buffer to any of the nonaqueous 

solutions employed produced spectra which were consistently similar 

to those found in EGW. Introduction of pure doubly distilled water
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did not always yield this effect, and 5) Degassing of the alcoholic 

solvent provided no improvement in the reprodncibility of spectral 

data collected from the resulting solutions.

From the above experimental evidence, it became clear that two 

solvent parameters could very well be causing the noneoincidenee in 

5MC's ABS and FES spectrum. The first to be discussed here will be 

the presence and/or concentration of buffering ions. In Figure 24 we 

see the results of 5MC where doubly distilled water only was used.

We observe that the two curves in this plot are quite dissimilar, 

with a separation of ca. 8 nm in the peake and 8 - 1 0  nm on the 

leading edges. Plot 24 represents the data collected for 5MC in .01 

mol phosphate (*) buffer, pH 7.95 at 143K. This set of spectra is a 

bit more well behaved in that the red-shift displayed in the FES is 

only 5 - 6 nm at the peak and leading edge relative to the absorption 

spectrum. In graph 24 appears the same spectral data for 5MC in .1 

mol pH 7.88 phosphate buffer at 143K. Here we note that both the 

absorption and excitation spectra are red shifted relative to those 

seen in a and b. H e  minima of both curves are lower and the 

absorption maximum has shifted 3 - 4 nm to the red. This progression 

to the red is even more pronounced in plot 24, a graph of the FES 

and ABS of 5MC in 1.0 mol pH 7.88 phosphate buffer. A fairly large 

absorption shift has occurred in going from . 0 1  (b) to 1 . 0  mol 

phosphate (d) with the maxima positioned at 272 nm in the former and 

278 nm in the latter. We should also note that the minima in both
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ABS (---) and FES (---) of 5MC in EGW glass at 1431 where
the water portions are (a) distilled water, (b) . 0 1  mol.

Figure 24

(c) 0 . 1  mol and (d) 1 . 0  mol phosphate buffers. Xf - 330 
nm.
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the FES and ABS are quite low and that the FES maximum has shifted to 

ca. 285 nm.

All the spectra presented in Figure 24 are from, except for part 

a, phosphate buffers prepared from phosphoric acid (H3 PO4 ) and KOH.

Ve also performed experiments using n buffers containing sodium 

cations only. In Table 4 is shown the quantum yields, absorption 

maxima, excitation maxima and the ratio of absorption maximum to 

absorption minimum for a number of single experiments on EGV glasses 

containing different concentrations of phosphate buffer with Na and 

I cations.

Table 4. *f, ABSeax, FESeax and AegxZAein 5MC in EGV at 143V.

pH buffer con cation
Ax^ 7 0

ABS max FES max A(max)/
A(min)

7.8 1.0 K+ .28 278 285 3.56
dd HjO — — .09 272 278 1.82
7.5 .001 I+ .17 272 281 1.83
6.7 .1 K+ . 2 2 278 . 285 3.57
7.4 1.0 K+ .41 282 285 5.10
7.6 1.0 Na+ .19 276 285 2.3
8 . 0  . 1 I+ .07 272.5 277.5 2 . 0

7.95 .01 K+ . 1 1 272 277.5 1.79

Viewing these results. we can offer several observations: I)

The quantum yield of 5MC tends to increase as the concentration of 

the cation in solution increases at a constant pH. This was noted 

when either Kf or Na+ was present, 2) Increases in (k; are accompanied 

by a red shift both in the FES and ABS curves, 3) As red shifts 

appear in the absorption, the ratio of the maximum to the minimum 

absorption increases, 4) The effect of ions in solution does not
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appear to be independent of pH. Ve note that the qnantnm yield of 

5MC increases fro* .28 to .41 in going fro* a 1.0 aol phosphate 

buffer at pH 7.8 to a -1.0 mol phosphate buffer at pH 7.4.

Similarly, in the low concentration buffers, increase fro* .07 to 

0.11 to .22 in going from pH 8.0 to 7.95 to 6.7, respectively, 5) In 

general, it is seen that high concentrations of cations are not 

neceessary to produce high quantum yields, i.e., SMCs quantum yield 

in .1 aol phosphate at pH 6.7 is nearly as high as that in 1.0 mol 

phosphate at pH 7.8, 6 ) In none of the eases shown here was the 

quantum yield seen to be independent of excitation energy.

From the data presented above it is quite apparent that buffer 

concentrations do effect the quantum yield of fluorescence of 5MC, 

however, this cannot be blamed for the total phenomenon of wavelength 

dependency. Indeed we have seen that slight changes in pH probably 

contribute more to the outcome as does ion concentration.

pH Dependence

5MC. The results seen in the previous section alerted us to the 

possibility that the pH 7.0 EGV glasses commonly used in our low 

temperature investigations were not "neutral” in the same sense as 

would be expected at room temperature. In this regard, we collected 

spectral data for 5MC in numerous EGV solutions of pH values ranging 

from near 0 to ca. 14. Partial results of these experiments are seen 

in Figures 25 and 26. At pH 2 we see that the two curves match very 

closely and are quite different than the absorption of 5MC in neutral
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pH 5.0pH 3.0

V" pH 6.0 pH 7.0
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Figure 25. ABS (---) and FES (---) of 5MC in EGW glasses at pH (a)
3.0, (b) 5.0, (c) 6.0 and (d) 7.0 near 143 K. Xf - 330 
nm.. .



102

PL3 PL4
NANOMETERS NANOMETERS

pH 11.5pH 9.0
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Figure 26. ABS (---) and FES (---) of 5MC in EGI glasses at pH (a)
9.0, (b) 11.5, (c) 13.5 and (d) 14.0.
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EGV glasses. Reported pKa rallies of SMC are 4.6 and 12.4 (59) In 

room temperature aqueous solution, so the spectral data seen here Is 

assumed to be intrinsic to the cation of this molecule. As the pH is 

increased to 5 .0 , little change is apparent in either of the curves. 

This would seem somewhat surprising, considering the pla values cited 

above. Further, at pH 6.0, only a slight increase in the absorption 

at the minimum and a ca. 2 mm blue-shift differentiates this plot from 

those seen at pH 12 and 5 A more familiar plot appears in Figure 

25, a graph of the FES and ABS of 5MC in pH 7.0 EGV. Tou will note 

that the absorption has blue-shifted and the ratio of A(max):A(min) 

has decreased. This spectrum is typical of the neutral 5MC molecule 

in neutral hydroxylio solvents. Turning to the corresponding 

excitation spectrum, it is clear that much of the cationic character 

has been retained, sharing great similarity with those seen at pH's 2 

and 5. Only a small increase in height is seen near the minimum, 

with all other qualities preserved. In pH 9.0 BGV glass (Figure 

26) the excitation and absorption of 5MC are almost coincident, with 

only a minor discrepancy apparent throughout the band. Vhen the pH 

is raised to 11.5, almost all anomaly vanishes and a "well- 

behaved" relationship exists. The slight variation remaining is 

either an experimental artifact or possibly due to the solvent-solute 

hydrogen bonding equilibrium seen to be active in thymine.

Figure 26 displays the FES and ABS of 5MC in EGV at pH 13.5 near 

1431. Once again a large red-shift has been produced in the 

excitation, one which is seemingly much greater than that viewed near 

pH 7.0. Tou will note that the minimum has red-shifted relative to
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that of the absorption and the Baximnm appears at ca. 290 nm.

Addition of a small amount of IOH to this solution produced the 

spectra seen in Figure 26. Here there is a perfect match in the 

absorption and excitation, as one would expect from a solution 

possessing a quantum yield near unity.

From the above we see that the solution pH plays a very 

important role in determining the fluorescence properties of 5MC. In 

addition, the reported room temperature pla values are inappropriate 

for use at low temperature, and/or measured pH values at room 

temperature are not accurate in low temperature glasses.

Additional support for the contention that the gross mismatch in 

the FES and ABS of 5MC in "neutral" solution arises from 

competition between its cation and neutral forms can be seen in 

Figure 27. Here is presented the emission of 5MC in a pH 8.0 EGW 

glass at 1431 excited, in turn, with 270 and 300 nm light. When 

excitation is at the higher energy, the resulting fluorescence 

spectrum has a maximum at ca. 320 nm with its onset near 288 nm.

Also, a phosphorescence component with a maximum between 420 and 440 

nm is apparent on the long wavelength edge of this curve. As 

excitation nears the red edge of the absorption band of SMC, a red- 

shift in the fluorescence occurs accompanied by a loss of triplet 

emission. The dotted curve shown in Figure 27 represents the 

emission observed from 300 nm excitation. Comparison with the 

spectrum obtained from 270 nm excitation shows that the maximum has 

shifted 5 - 7 nm and no sign of phosphorescence remain*.
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It was noted earlier that the flnoreaeenee apectrnm of 5NC was 

not constant with respect to wavelength as the exciting light was 

varied across the absorption band. This effect has been noted 

several times in our lab and previously a process labeled "The Red 

Edge Effect" (79) was considered to be a probable cause. However, 

in view of the above results, it is quite easily seen that the 

shifting of the fluorescence curve is due to the preferential 

excitation of one species or the other. When light is absorbed near 

the onset, SMC+ carries most of the oscillator strength so the 

resultant fluorescence arises from this form. Conversely, 270 nm 

excitation selects for the neutral species and thus the fluorescence 

curve blue-shifts in accordance to the ratio of 5MC:5MC*. Excitation 

in the area of the absorption minima for 5MC and SMC+ yields very 

little contribution from the cation since its molar absorptivity 

coefficient is low in this wavelength region.

In Figure 28 is seen a kind of corollary to Figure 27 above. 

Presented here are excitation spectra of 5MC in pH 8.0 EGV at 143K 

when the viewing monochromator is set at 330 nm and 425 nm. • Emission 

data collected at the long wavelength is, of course, phosphorescence 

and its resulting luminescence action spectrum is known as a 

phosphorescence excitation spectrum (PES). Coincidence between the 

PES and ABS is quite remarkable in this graph. This fit is as good 

or better than those seen for tryptophan or benzimidazole, both being 

highly fluorescent at room temperature. The FES is not in such good 

agreement however, a result which, in general, supports the above 

contentions. Since SMC+ shows no measureable triplet emission in low
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temperature glass, all the luminescence seen at 425 nm is due to the 

neutral species. At 330 nm, the fluorescence contains contributions 

from both forms with 5MC+ being dominant at longer wavelengths of 

excitation and 5MC carrying more of the responsibility at higher 

energies.

Figure 29 shows the results of a calculation of the apparent 

absorption and emission of a SMC+ and SMC mixture. A computer 

program was written which, when the absorption spectra, fluorescence 

spectra, quantum yields and relative concentration of the individual 

species were entered, produced the total absorption curve, the 

excitation curve from a specific viewing wavelength and the 

fluorescence curve and quantum yield as a function of excitation 

wavelength. Also, each componenta contribution to the absorption and 

emission were graphed. Seen in this particular plot is the results 

for a 10% cation - 90% neutral solution of SMC. Quantum yield values 

of .35 and .OS were used for the two species, respectively and the 

excitation spectrum is relative to viewing at 330 nm while the 

fluorescence is excited at 270 nm. One should note that Ca. 85% of 

the total absorption spectrum is due to the neutral species, yet the 

excitation is quite similar to that of the cation. This is to be 

expected since, in this case, approximately 55% of the emission is 

due to 5MC+. In addition, the fluorescence spectrum peaks near that 

of the cation, but its leading edge is due almost entirely to 

emission from the neutral form. Several additional plots were 

produced using this program, each of which only lent more credence to 

the idea that 5MCs anomolous fluorescence arises from a mixture of
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containing 10% SMC+ and 9 %  SMC at 1431. ABS and fluorescence curves for the two 
species are the dashed spectra. Xx - 270 nm, - 330 n».
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specie*. The wavelength of excitation dependence in the position 

of the fluorescence spectrum is a natural consequence of this 

phenomenon.

Further evidence for the pH dependence in the quantum yield of 

5MC can he viewed in Figure 30. A graph of quantum yield versus 

wavelength of excitation in three different pH EGl glasses at 1431.

In acid solution, this plot is seen to be flat across the entire 

absorption band with only about a ± 5$ variation. At pH 7.0, 

considerable curvature has been introduced. The quantum yield is .07 

at 240 nm dropping to .05 at the absorption minimum (250 nm) then 

increasing to .31 near the onset. You will note that this reflects 

an absorption difference spectrum between the cation and neutral 

species of 5MC. Results from pH 10.65 are much more well behaved, 

with only a slight variation apparent across the band which could be 

due to experimental error or lingering amounts of the highly 

fluorescence cation. It should be pointed out that in the high pH 

region a similar effect occurs with a totally wavelength independent 

quantum yield observed at pH 14 (the anion of 5MC has a z .6 in 

EGW at 1431) and curved dependence, similar to that at pH 7.0, at pH 

12.5 " 13.5.

Summarising the above results, we see that: I) 5MC’s

fluorescence at pH 7.0 is due to contributions from two species, the 

cation, with d - .35, and neutral form, 4 - .05, 2) The cation and 

neutral forms of 5MC have slightly different absorption curves which, 

when combined, yield quite anomalous spectra and give rise to the 

apparent dependence of 5MC*s quantum yield on exciting wavelength.
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Figure 30. 4f of 5MC at 143K in EGW solutions at pH's 2.0 (---), 7.0
(---) and 10.65 (•••) versus wavelength of excitation.
X£ - 330 nm.
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3) Shifts in the apparent fluorescence curve of 5MC with exciting 

wavelength are due to preferential excitation of one species or the 

other, 4) SMC's quantum yield was found to be independent of 

excitation energy at pH's 2 — 5, 10 — 12 and 14 in EGW glass at 1431, 

5) Changes in the absorption and fluorescence properties of SMC in 

low temperature EGW glasses do not correspond to the pKa values 

reported for this molecule in room temperature solution.

Point five in this list coupled with the fact that SMC+ haa been 

observed by us to possess a quantum yield 7 - 8  times that of the 

neutral form can be blamed for this simple effect going unnoticed 

through the years Few researchers have taken any note at all of the 

dependence of pKa or pH on the temperatures involved in fluorescence 

studies. We thought this effect could be disregarded in SMC, since 

at room temperature the neutral form fluoresces with almost twice the 

intensity of the cation. Only after a series of experiments which 

revealed the greatly increased quantum yield value of SMC+ were we 

alerted to the possible pH dependence of the apparent excitation 

spectrum.

In an effort to quantitate the change in the pla of SMC, we set 

out to investigate the thermodynamic and kinetic properties of this 

molecule more thoroughly. Two equilibria are involved in the sample 

solutions composed of ethylene glycol and buffered distilled water. 

The first involves the solute molecule, in this case SMC, and its

protonated form:
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[33]

which can be written in abbreviated form aa

V  -
5MC+ ;— » SMC + H+ [34]

The equilibrium conatant can be written as

I . I:
1 [SMC+]

which has a value of 4.6 at 298K in dilute solution. Coupled with 

the solute equilibrium is that of the solvent buffer which was, in 

all cases, phosphate. This weak acid is triprotic and all the 

following reactions are possible.

HjPO4 H2PO4- + H+ [36]

k2
H2PO4- v = * HPO42- + H+ [37]

HPO42- v = * PO43- + H+ [38]

At pH 7 only one equilibrium is active and the constant for this 

reaction is given by



114

[HPO42"] Itff] 
[H2 PO4-]

[39]

where each component Is assumed to have a unit activity coefficient.

The concentration of hydrogen ions contributed by the SMC molecules 

in solution can be assumed to be negligible since the buffer 

concentration was usually 100 - 1000 times larger than that of the 

solute. Therefore, the pH of the solution would be given by

-log[fl+] -log
[H2 PO4"!!!

[HPO42-!
[40]

and the equilibrium constant for SMC can be rewritten to give

[SMC+IIa
[H+] - --------—  [41]

[SMC]

Substituting equation 43 into the above and rearranging yields

[H2PO4"][SMC]
I. - M2 -- -------------- [42]

[HPO42-]ISMC+]

Here we see that the equilibrium constant for reaction 33 is 

dependent not only on its own equilibrium constant but also on the 

equilibrium of the solvent buffer. Further rearrangement of equation 

42 yields the following

[SMC+] IH2PO4"]

1S IHPO42"][SMC] [43]



ns
and we see that the ratio I2Z1a ls the important term governing the 

speoiation of SMC in eolation. Sabatltating thermodynamic state 

fauctions for the equilibrium constants and taking the log of both 

sides of the equation gives

ISMC+] AH2 - A H 1J*  ̂ AS2 — ASjJ IH2 PO4"]
ln I SMC] " RT + j n [h r )42-]

which shows how the ratios of the ions vary with the enthalpy and 

entropy of the reaction.

A thorough search of the literature failed to provide 

thermodynamic data (AH, AS) for the reactions described above under 

the experimental conditions that we employed, e.g. 1431 in 60% 

ethylene glycol, 40% water, so the discussion from this point onward 

is qualitative in nature.

Table 5 lists the AH, AS and pls values of several different 

acids as a function of temperature (80). Ve see that phosphoric 

acid, along with other acids (citric, formic, boric), have very high 

negative AS values and low AH values. In addition the values of 

these two state functions seem to vary in tandem such that AG is 

almost a linear function of temperature. In contrast, the molecules 

with high AH's of ionisation (imidasole, ammonia) show considerable 

temperature dependence in their respective pKs#s indicating that AG 

is not linear.

From Table 5 we see that the DNA components (cytosine, thymine 

and cytidine) possess high positive AH values and relatively low AS 

values at 25*C. Thus we can anticipate that the pla's of these
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Table 5. Tbermodynamic Conatanta for Acid Diaaoeiationa of aome 
selected acids (AH and AS keels).

Spe­
cies

•C

Ammonia Acetic Acid Boric Acid

AH AS P*a AH AS Pi. AH AS *1 .

O — — .714 -14.7 4.78 - - -
5 12.54 - . 2 1 9.90 .552 -15.3 4.77 - - —

1 0 - - — .389 -15.8 4.76 3.92 -29.1 9.38
15 12.50 -.34 9.57 .223 -16.4 4.75 3.75 -29.7 9.32
2 0 - - — .057 -17.0 4.75 3.57 —30.3 9.28
25 12.48 -.45 9.25 - . 1 1 2 -17.6 4.75 3.36 - 9.23
30 — - - -.282 -18.1 4.75 3.14 -31.7 9.19
35 12.44 -.56 8.95 -.455 -18.7 4.7 2.90 — —
40 — — - -.628 -19.1 4.76 2.63 -33.4 9.13
45 12.41 -.67 8.67 -.804 -19.8 4.77 2.35 - —
50 — — — -.982 -20.4 4.78 2.04 -35.2 9.08
55 — - - -1.161 -20.9 4.79 - - —

60 — — — -1.342 -21.5 4.81

Spe­
cies

•C

Citric Acid Formic Acid Imidazole

AH AS AH AS P*a AH AS P*.

0 1.76 -8.3 3.22 .931 -13.9 3.78 8 . 6 6 -2.99 7.58
5 1.61 -8 . 8 3.20 .755 -14 .-5 3.77 8.70 -2.82 7.47

1 0 1.46 -9.4 3.17 .573 -15.2 3.76 8.74 -2.69 7.33
15 1.31 -9.9 3.16 .384 -15.8 3.76 8.77 -2.59 7 . 2 2

2 0 1.15 -10.4 3.14 .189 -16.5 3.75 8.79 -2.53 7 . 1 0

25 . .997 -1 1 . 0 3.12 -.013 -17.2 3.75 8.79 -2.51 6.99
30 .836 -11.5 3.12 - . 2 2 1 -17.9 3.75 8.79 -2.52 6.89
35 .673 -1 2 . 0 3.11 -.436 -18.5 3.76 8.77 -2.57 6.78
40 .507 -1 2 . 6 3.10 -.657 -19.3 3.77 8.75 -2 . 6 6 6 . 6 8

45 .338 -13.1 3.10 -.884 -2 0 . 0 3.77 8.70 -2.79 6.59
50 .167 -13.6 3.09 -1.18 -2 0 . 8 3.78 8.65 -2.95 6.50
55 - - - -1.358 -21.5 3.79 - - -
60 — — — -1.605 -2 2 . 2 3.81

(continued)
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Table 5 (continued)

Spe­
cies

Phosphoric Acid Water

•C AH AS % Al AS Pi.

0 2.28 -25.1 7.31 14.51 -15.23 14.93
5 2.03 -26.0 7.28 14.31 -15.95 14.73

1 0 1.78 -26.9 7.25 14.11 -16.67 14.53
15 1.52 -27.8 7.23 13.90 -17.40 14.34
2 0 1.26 -28.7 7.21 13.69 -18.12 14.16
25 .99 -29.6 7.20 13.48 -18.83 13.99
30 .71 -30.5 7.19 13.27 -19.53 13.83
35 .44 -31.4 7.19 13.05 -20.24 13.68
40 .15 -32.4 7.18 12.83 -20.96 13.53
45 -.13 -33.3 7.18 12.61 -2 1 . 6 6 13.39
50 -.43 -34.2 7.18 12.39 -22.35 13.26
55 -.72 -35.1 7.19 12.16 -23.05 13.13
60 -1.02 -36.0 7.20 11.93 -23.74 13.02

Spe- Cytosine
cies

Cytidine Thymine

•C AH AS Pt. AH AS Pt, Afi AS pla

25 5.14 -3.7
25 11.15 -17.0

4.58(1)
12.15(2)

4.47 -3.9 
10.7 -20.2

4.08(1)
12.24(2)

8.83 -15.7 9.90

■oleculee eight change drastically with temperature. The only way 

this change would be apparent# however# is if the pls of the solvent 

buffer varied less with temperature than that of the bases. Although 

the results discussed above are from aqueous solutions# we can assume 

that these trends extend to lower temperature. Therefore# the change 

seen in the pig of 5MC arises from the SMC moiety, not from the 

solvent buffer (phosphate).

Figure 31 shows a plot of the log of SMCs quantum yield of 

fluorescence determined from 270 nm excitation versus pH in M V  at
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P H

Figure 31. Log 4f of 5MC in EGW at 143K versus solution pH. The
dashed line was calculated from the experimetally obtained 
photophysical parameters of 3MC and an estimated pKa of 
7.0.
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143K. The solid line represents the experiments! date, while the 

dashed line was produced by use of the following equation.

a5MC x5MC+
[45]

where and A are the quantum yields and absorbances, respectively. 

Absorption values for the individual species were determined as 

follows,
A5KC - ,SMCaSMC [46]

a 5MC* « ,SMC4 eSMC+ [47]

where a5MC and a5l,C are given by

0SMC+ [H+]2_________
([H+ ] 2  + K,[H+] + IbK,)

[48]

a5MC I,[8+]
([H+ ] 2 + I,[H+] + KbI,)

[49]

Since the value of K,Ib is ca. 4 orders of magnitude smaller 

than either of the other two terms in the denominator, the room 

temperature value of 4 I IO""2 2  was used for Kb. Quantum yield values 

of 0 . 3 5  and 0.05 were assigned to the cation and neutral species and 

molar absorptivity coefficients were 7.4 I IO2 and 6.2 I 102, 

respectively. The value of I, was varied until the theoretical curve
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best fit (by visual inspection) the experimental points. A value of

7.0 ± 0.2 was used to produce the curve seen in Figure 32. This 

value is 2.4 pH units higher than the reported pH* st 25*C.

Cytldine

In Figure 32 is presented the ABS and FES of cytidine at pH's 

4(a), 6 (b), 7(c) and 10(d) in EGW at 143K. At pH 4.0, the absorption

spectrum is clearly due to the cation species. The excitation
... I

spectrum is nearly coincident, with only a slight mismatch apparent. 

When the pH of the solution is increased to 6.0 (Figure 32), a 

noticeable amount of neutral character is infused into the ABS
I

spectrum. Note that the maximum is blue-shifted 3-4 nm and the ABS
i

minimum is increased by ca. 30#. No change is seen in the FBS at

this pH, nor is any apparent at pH 7.0 (Figure 32). However, at this

pH the ABS appears to be composite with about SO# contribution from

the neutral species. Results from pH 10.0 (Figure 32) show that the

absorption is due to the neutral species of cytidine. The excitation

has blue-shifted, somewhat, and its minimum now coincides very well

with that of the ABS. A fairly large mismatch still remains between

the two spectra, however. One which is much greater than that found
■ . I

under the same conditions for SMC.

Figure 33 displays the quantum yield of cytidine as a function

of wavelength in three EGW solutions of different pH values. The

bottom (solid) curve in the figure is the quantum yield from a pH 4.0

solution. Quantum yield values increase momotomiealIy across this

curve, beginning at .0126 (240 nm) and rising to .033 at 295 nm.
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250 270 290 310 250 270 290 310
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Figure 32. ABS (---) and FBS (---) of cytidine at 1431 in EGW
aolntiona of pH 4 (a), 6  (b), 7 (e) and 10 (d). Af « 330
BJB.
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W A V E L E N G T H

Figure 33. if of cytidine at 1431 in EGW eolations at pH's 4 (---), 7
(---) and 1 1 . 0  (...) versos wavelength of excitation. Xf
■ 330 nm.
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Similar plots were obtained from pH 2.0, 5.0 and 6.0 solutions, all 

of which showed the same decreasing quantum yield at higher 

excitation energies. In pH 7.0 solution, the quantum yield of 

cytidine at 240 nm is ca. .005 but is seen to increase to .032 or to 

that of the cation form at 270 nm. The shape of the curve reflects 

the difference in absorption of the neutral and cationic species of 

CD. The top curve in this graph was obtained from a pH 11.0 EGW 

solution. Quantum yield values are fairly constant near the middle 

of the band, but increase both on the low and high energy ends. This 

behavior probably indicates the presence of a highly fluorescence 

minor species, such as residual CD+ or hydrogen bonded CD 

molecules. Data which will be shown later (see Figure 34) leads us 

to believe that the neutralization process is not quite complete at 

this pH, and thus, that the anomolous tails are caused by presence 

of the cationic species.

Figure 35 shows a plot of the quantum yield of CD for excitation 

at 270 nm versus the pH of EGV solutions at 143K. Two curves are 

presented, one obtained from experimental data (solid line) and the 

other calculated (dashed line), in the same manner as that for 5MC 

(see Figure 40). In the acidic region, the experimentally obtained 

quantum yield is seen to be high, near .023, but tails off below pH

4.0 and above pH 6.0. On the lower end, the decrease in quantum 

yield could be due to the presence of a doubly protonated species, 

unobserved at room temperature because of its highly acidic pta.

Near neutrality, the decrease is most certainly due to the formation 

of neutral cytidine molecules. The quantum yield is seen to steadily
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10_11

10 11

Figure 34. 4f of cytidine in EGl solution at 1431 versus pH.
Experimental points (---) and calculated values (
included. Xx = 270 nm.

) are
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290

310 2 5 0
WAVELENGTH

Figure 35. ABS (— —) end F M  (---) of thymine at 1431 in EGW
solutions of pH 1.5 (a), 4.0 (b) and 11.94 (d). Xf - 330 
nm.
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decrease, reaching a value of .0023 or 10% of the cation the

last experimental point at pH 11.0.

Fox and Shugar (59) found the pla of CD to be 4.1 in aqueous 

solution at 2981. It is quite apparent that the pla for CD in ESI 

solutions at 1431 is noncoincident with this value. In fact, the 

calculated curve shown in Figure 34 was produced from a p!a value of 

6 .8 , a difference of 2 . 7  units from that found at room temperature. 

Again, invoking the reasoning developed for SMC, this change is to be 

expected due to the nature of the thermodynamic properties of the 

molecule.

You will note that the two curves shown in Figure 34 deviate 

widely in the region from pH 7.0 to 11.0. This result was also 

obtained by us for SMC at room temperature in aqueous solution (28) 

though the effect there is not nearly as dramatic. Ve have not yet 

obtained a suitable explanation for this phenomenon.

As this thesis was being written, a paper appeared in the Soviet 

literature which investigated the anomalous fluorescence behavior of 

cytidine in EGV glass at 771 (40). These authors report that 

cytidine's pla has a value of 5.9 under their experimental 

conditions. They further note that a discrepancy of 2-5 mm still 

exists between the absorption and fluorescence excitation maxima of 

this molecule even in the pH region where a single fluorescence 

species exists. This noncoincidence is explained in terms of hydrogen 

bonding equilibrium between the cytidine and the solvent, e g. the 

same argument invoked by Becker (39) in the case of thymine. The 

data presented here is in quite good agreement with this work with
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the exception that we find pKe of CD to be shifted to a slightly 

higher value of 6 .8 . Since our data was obtained under different 

conditions, the two results can only be viewed as supportive.

Thymine

Since the large anomoloue shift in the excitation spectra for 

5MC and CD relative to their absorption was explained so well by a 

shift in pK , we extended the work to thymine. Figure 35 displays 

the absorption and excitation of this molecule at pH’s 1.5, 4.0, 8.0 

and 11.94. At the low pH, thymine’s ABS maxima occurs at 265 nm and 

its FES spectrum is shifted 3-4 nm to the red from this. Examination 

of the plots generated at pH 4.0 and pH 8.0 shows very little change 

from the corresponding spectra at pH 1.5.

In Figure 35 we see the ABS and FES of thymine in pH 11.94 EGW 

solution. The absorption spectrum is identical to that found in 

lower pH solutions. However, the excitation is shifted some 20 nm to 

lower energy.

An early study (13) on the anionic forms of thymine shows that 

two tautomers are present in basic solution l(H)-thymine and 3(H)— 

thymine"", each of which are highly fluorescent even at room 

temperature. Spectra presented in this work were from 0.01 N NaOH 

where the ABS maximum for thymine was Ca. 290 nm.

Shugar and Fox (59) found the pKa of thymine at 2981 to be 9.9. 

From the scant evidence shown above, it is apparent that this value 

is incorrect for EGW solutions at 1481. That thymine's absorption 

spectrum is still dominated by the mental species at pH 11.94 alerts
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us that the pKa is greater than this value. This is not surprising 

in light of our previous discussion on the temperature dependency of 

molecules with high positive AH's of ionization.

Quantum yields (If ■ 265) for thymine of .034, .026, .023 

and .044 were obtained at pH's 1.5, 4.0, 8.0 and 11.94, respectively. 

Plots of the quantum yields from three of these solutions (pHs 1.5,

8.0 and 11.94) versus wavelength of excitation are shown in Figure 

36. You will note that very little difference exists between the 

curves at 1 . 5  and 8 .0 , a fact which supports the notion that thymine 

exists as a neutral molecule throughout the pH range of 1.5 to 8.0. 

Since almost all low temperature fluorescence measurements on thymine 

in EGW were performed in neutral solution, anomolous speciation could 

not have been the cause of this molecule’s slight wavelength of 

excitation dependent 4f.

Examination of the top curve in Figure 36 reveals that thymine's 

quantum yield is highly wavelength dependent at pH 11.94. The source 

of this dependency is most certainly the presence of the thymine 

anion which is highly fluorescent.

Summary and Conclusions

Each proposed explanation for the wavelength of excitation 

dependency found in the quantum yields of the DNA bases was examined 

as to application to SMC, cytidine and thymine.

Results for thymine rule out all possibilities except that of 

preferential fluorescence from hydrogen bonded species. Spectra 

obtained from this molecule in non-aqueous solution at low
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Figure 36. of thymine et 1431 in EGW solution* at pH’s 1.5 (---)»
8.0 (-- ) and 11.94 (•— ) versus wavelength of
excitation. Xf ■ 320 nm.
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temperature showed nearly coincident excitation and absorption. Our 

results supported earlier findings (39) and. indeed, this proved to 

be the only reasonable explanation for the wavelength dependency

found in the quantum yield of this biologically important molecule.
*

The small amount of mismatch remaining between the ABS and FES of 

thymine should be experimental error, or possibly a manifestation of 

competitive deactivational pathways.

Additional experiments performed on thymine in different pH EGW 

glasses at 1431 showed that the ptg of thymine is shifted at least 2 

units higher to around 12.0. However, this shift cannot possibly 

effect the photophysical properties of thymine in the pH 7 EGl 

glasses normally employed in fluorescence measurements on neutral 

thymine.

Fluorescence data was obtained for 5MC in several different 

solvents at low temperature. Results from non-aqueous solvents were 

conflicting in many cases. Several spectra obtained from EM glasses 

at 1231 showed perfect matches between the absorption and excitation. 

However, a number of spectra displayed an anomalous relationship 

between the absorption and fluorescence excitation of SMC. These 

results were correlated to the acidity or lack of it, of the EM 

solutions.

The cation was found to exist solely or in mixture with neutral 

SMC up to pH 9.0 or greater. Quantum yield values were found to 

be .35 and .OS in EGW glasses at 143K for SMC+ and SMC. At pH 11.65, 

a near perfect match between the ABS and FES was found, indicating
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that fluorescence is intrinsic to s single emitting species. Also, 

at acidic pH’s (2-6), the ABS and FES of 5MC was found to coincide 

very well. In addition, the shift of SMC's fluorescence spectrum 

with varying excitation wavelength was found to be a consequence of 

the existence of two emitting species in solution at pH 7.0, each 

with different fluorescence spectra. At this pH, a rather large 

phosphorescence occurs near 425 nsu The excitation spectrum of this 

phosphorescence proved to be a perfect match of the neutral 

absorption, while excitation of the fluorescence at 330 nm resembled 

the cation absorption.

It was found that the pKa of SXC shifts from 4.6 at 2981 in 

aqueous solution to near 7.0 in EGW at 1431. The consequence is that 

at pH 7.0, both SMC and SXC+ are formed in solution, leading to the 

apparent shift in the excitation spectrum.

In addition, the pH dependency of cytldine’s fluorescence in low 

temperature solution was examined. This molecule proved to exhibit 

the same shift in pXa as was the case for SMC. A plot of vs. pH 

was produced which showed that the pls in EGW glass at 1431 was near 

6 .8 . The ABS and FES of this molecule, however did not completely 

match even in the pH regions where only one species was known to 

exist. Hydrogen bonding equilibrium, e g. the theory used to explain 

thymine’s anomolous fluorescence properties, is concluded to be 

responsible for the remainder of cytidine’s fluorescence FES shift. 

These results are in good agreement with those found independently 

(41).
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H O  PHOTON EXCITATION OF BENZIMIDAZOLE 

Heselts and Discussion

Figure 37 shows the one photon absorption (dashed line) and two 

photon fluorescence exeltaton spectrum (solid line) along with the 

ratio of two photon excited fluorescence intensity obtained with 

circularly and linearly polarised light (dark circles) of 

benzimidazole (BMD). The highest peaks in both spectra are normalized

to one and the wavelengths of the OPA spectrum are marked on the
, ■

upper axis.

At first glance, the features of the two spectra look quite 

dissimilar. However, their 0 - 0  bands and the first vibrational 

progressions (the small hump in the TPE at 544 nm and the second peak 

in the OPA) appear at nearly the same wavelengths. You should also 

note that the relative heights of these peaks are the same in both 

spectra.

At energies above that of the second peak, the two spectra 

seemingly have no features in common. A very intense peak appears in 

the TPE at 536.5 nm along with a smaller one at 522 nm. Both of 

these are absent or of much smaller intensity in the OPA. Also, the 

large band seen in the OPA peaking at 245 nm (490 nm) is not seen in 

the TFE. Below 440 nm (220 nm), both spectra begin to rise rapidly. 

Data was collected down to 403 nm in the TPE, at which point
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Figure 37. OPA (---), TPE (---) end cireelar/linear polarisation ratios of benxieidasole at room
temperature in 50# cyclohexane and 50# isopropanol solution.
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the intensity was ca. 5 times that of the 536.5 nm hand, and still 

increasing.

Ratios of eircnlarillnear excited fluorescence intensity are 

fairly constant from 490 nm to 540 nm, hut rise sharply near the red 

edge of the third peak.

Due to the difficulty in constructing accurate TPE spectra, the 

relative peak heights in the BUD spectrum may vary up to - 106.

Also, the polarisation ratios presented in Figure 37 could he in 

error hy ± .05.

Experimental (81) and theoretical (82) studies have shown that 

two separate electronic states account for BHD's UV spectrum in the 

wavelength range of 240 - 285 nm. The lowest energy hand, 

represented hy the first two sharp peaks in Figure 37, is Ly-Iike in 

nature. The hroad, diffuse hand peaking at 245 nm has been dubbed L1. 

Note that the use of Lb and L1 for transitions in BMD is incorrect. 

Their use is only valid for molecules fitting Platt's perimeter model 

(4 4 ) hut for making analogy with the transitiona of henxene, they 

will he retained. Bands of Lb character in aromatic systems are 

invariably well resolved while those arising from ground state to L1  

transitions are characteristically broad and only slightly 

structured.

Peaks I (280 nm) and 2 (273.5 nm) of the Lb band of BMD are• ; 1
separated hy 816 cm-*, so the third and fourth members of this 

progression are expected at 267.5 nm and 261.8 nm, respectively. 

However, due to the broadness of the L1 hand, these peaks are quite 

obscured. Also, the overlap of the two bands makes it impossible to
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discern the 0 - 0  transition of the La. So, the small bumps seen in 

the OPA of BMD in Figure 37 between 255 nm and 270 ne could be due to 

either vibronic or Franck-Condon transitions within the manifolds of 

either or L a.

BMD's La band is very solvent dependent in that it red-shifts 

proportionally to the polarity of the solvent. The ABS seen in 

Figure 37 was taken in 50% isopropanol:50% cyclohexane, so the 

separation of La and Lb are almost at a minimum. When acid is added 

to BMD solutions to form cations (BMH), the separation between La 

and Lb becomes even less and, in fact, La (due to its broadness) 

becomes almost degenerate with Lb. This leads to the very curious 

property of dual emission from BMD+ (83,84), a phenomenon which has 

been reported for other molecules (85). Callis and Mansanti (84) 

have viewed the fluorescence of BMD+ and found that two peaks are 

present in the emission spectrum, one hump with a maximum near 300 nm 

corresponding to Lb fluorescence, and another peak at 360 nm due to 

Lt fluorescence. If the acidic solutions, e.g. EGW or glycerol, are 

cooled to form a rigid glass, the proportion of molecules emitting 

from the Lb excited state becomes greater than those emitting from

v
Published reports on the deconvolution of the Lb and La bands of 

benzimidazole have not been forthcoming, a fact which introduces some 

difficulty in the upcoming discussion of the TPE of BMD. However, 

some attempts have been made to distinguish between the Lb and La



136

bands of Indole, a molecule which differs from BMD only in Its lack 

of a geometrically opposed nitrogen atom.

Indole’s first two UV absorption bands are nearly degenerate. 

Fluorescence studies (8 6 ) of neutral indole have shown that La is the 

lowest excited state in this molecule in water with Ly lying slightIy 

above it in energy. Transition moments of the two bands were found 

to be oriented at -38* and 56* relative to the long molecular axis 

and the oscillator strengths are reported to be 0 . 1 1 2  and 0 . 0 1 0  for 

La and Ly, respectively (8 6 ). The ratio of these oscillator 

strengths are ca. 1 1 :1 , which is quite questionable in view of the 

polarised excitation work done by Valuer and Weber (87). Their 

results show the strength of La to be less than 3 times that of the 

Lb. Strickland, Horwitx and Billups (8 8 ) have reported the 

positions of the 0 - 0  La transition of indole. Relying on the 

property that La and Lb shift in opposite directions in different 

polarity solvents, they have been able to separate the peaks due to 

La transitions from those arising from Lb. In methyleyclohexane, 

indole shows peaks at 730 cm-*, 973 cm-*, 1310 cm-*, 1723 cm-*, 1973 

cm-*, 2673 cm-* and 3423 cm-* above the Lb 0 - 0 transition. Through 

comparsions with the UV spectra of indole in the gas phase and in 

perfluorinated hexane, the transitions occurring at 730 cm-* and 1310 

cm-* are shown to lie within the Lb manifold. The peak found at 973 

cm-* is designated the La 0 - 0 transition. Vibrational components 

of Lg are at 750 cm-*, 1000 cm-*, 1700 cm-* and 2450 cm-* relative to

its' 0 - 0 .
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Figure 38 shows the UV absorption of BMD In cyclohexane CA), 10* 

lsopropano1-90* cyclohexane (B) and 50* isopropanol-50* cyclohexane 

CO by volume. The data in curve A shows the Ls maximum to be 5650 

cm~^ more energetic than the Ly 0 - 0. In the 10* isopropanol 

solution this maximum haa red-shifted 406 cm-* and you will note that 

a new peak appears at 2841 cm-* to the blue of the Ly 0 - 0 and 2403 

cm-* to the red of the Ls maximum. Since the Ls maximum in B is 

blue-shifted 1821 cm-* from the corresponding peak in indole in 

methyl cyclohexane (relative to Ly 0 - 0), we would expect to find the 
Ls 0 - 0 of BMD at Ly +2794 cm-* (1821 + 973), or Ls(bsx) -2450 cm-*, 

that is assuming the Lg and Ly manifolds of the two molecules are the 

same. That these expected values correlate so closely with those 

found experimentally lead us to designate the hump in the second 

absorption minimum as the Ls 0 — 0 transition. The spectrum in C of 

Figure 38 is the same aa that shown in Figure 37 and wae included to 

show that the UV spectrum of the solution used in the TPE studies is 

indifferentiable from the 1 0 * - 90* isopropanol-cyclohexane apectrum.

Returning to our discussion of BMDs TPE, we see that the first 

two transitions in the Ly band shown in Figure 37 are quite visible 
in the TPE. They are separated by 786 cm-*, very close to the 816 
cm-* separation seen in the OPA and the polarization ratio, 0 (where 

Q ■ FcZF1 and F0 is the fluorescence intensity under circularly 

polarized excitation and F1 is the corresponding value for linearly 

polarized illumination) is very high throughout eseh peak which is 

indicative that both have the same state symmetry, one which is 

different than that of the ground state. These transitions.
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Figure 38. ABS of BMD in cyclohexane (bottom), 10% ieopropanol-90% 
cyclohexane (middle) and 50% iaopropano1-50% cyclohexane 
(top). The x axle represente energy above the Ly 0-0 
transition.
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therefore, clearly coeprise part of the Franck-Condon allowed portion 

of the Ly band. Viewing the higher energy portion of the TPE, we aee 

that the large La component seen in the OPA is entirely missing or is 

much lower in intensity, proportionally to the Ly. The rise in 

intensity below 440 nm is most definitely due to one of the strong B- 

Iike states of BMD. Thus we are left with the two peaks at 536.5 and 

522 nm to explain.

Since the La O - O is expected to occur at 517 nm, La 

transitions can he effectively ruled out as possible candidates for 

these two peaks. You will note, however that a small hump appears in 

the OPA spectrum directly underneath the 523 nm TPE peak and that 

bumps are present below the 536.5 nm transition. Third and fourth 

members of Ly's Franck-Condon progression should be found at 535 nm 

and 523.6 nm, respectively. However, these should be lower, 

proportionally, in intensity than the 0 - 0 .  Ve should note, too, 

that these have not been viewed in the vapor phase spectrum of indole 

(8 8 ). This, coupled with the fact that this circular/Iinear 

polarisation ratio drops drastically near the onset of the 536.5 nm 

band, makes it possible to eliminate it being Franck-Condon allowed.

Figure 39 shows the TPE spectrum of BMD along with a plot of the 

relative intensity of benzene's Ly band, which is known to gain 

intensity through vibronic coupling.■ The relative height of the two 

spectra were found experimentally by taking ratios of the 

fluorescence intensity of BMD and benzene at several different 

wavelengths under the same conditions of excitation. These ratios 

were then corrected for concentration and relative fluorescence
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Figure 39. Relative TPE intensity of BMD and benzene.
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Intensity differences. Admittedly, this ratio could he in error by a 

factor of two. From the figure, we see that BHD's relative two 

photon absorptivity is a factor of 1 0  greater than that of benzene. 

However, if the 536.5 nm tranation is built on other transitions, the 

area under the peak is at most twice that of benzene's Lb. Also, 

this peak occurs at Lb +1524 cm""* which is very close to the ^  

vibrational frequency found in benzene. The aeoond peak, at 523 nm, 

is much lower in intensity and could be the second peak in the 1 4 - 

like progression of benzimidazole.

CHDO Calculations

Table 6 lists the lowest four n -> x* states of BMD and their 

pertinent spectral data as calculated from CNDOS—Cl (83). These 

calculations were performed by the author on the campus Honeywell 6 6  

computer. Singly excited states only were included in the 

configuration interaction calculations.

Table 6 . Calculated spectral data for benzimidazole.

States OPA
transition
wavelength

*osc 6G
1 0 ”4 3 cm6

0

Lb 284.8 .046 1 2 2 . 2 1.46
L* 249.5 .288 341.9 0.96
B 219.2 .289 1502.6 0.72
B 204.5 .783 125.6 1 . 1 0

Values of 6 q are found by summing the squares of the two photon 

tensor elements of a state. The individual tensor elements are 

obtained by use of the following equation (90),
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8AB E1 - Irei E1 -Azg
[51]

where the euhserlpte o, I eed f are for intermediate and final 

states, A and B are the cartesian coordinates I, I and Z, M's are for 

transition moments between the initial, intermediate and final 

states, E 1 are the eigenvalues of the intermediate states, Zz's are 

the vavefunctions of the states included in the calculations and sums 

are over all possible states, initial and final inclusive.

Polarization ratios Ct0 Ir^6  *Iin* are obtained through the use of 

the following equation (92),

where

6Cir "26F + 66GQ = ------ - -----------
6Iin 26F + 46G

6F “ I T  I 8AA * ^ 8BB " CTrS) 2  

6G - - I T ^ 8AB 8AB - TrCS2)

[52]

[53]

[54]

and y

o - 4* 4 V 1Tr2ZQ2 [55]

where V 1 and V j  are the frequencies (in cm”*) of the two photons 

being absorbed. The theoretical range of Q is from 0.0 - 1.5 for
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transition* which involve no change in state symmetry, but can only 

be 1.5, where changes in state symmetry occur.

First, you should note that the predicted wavelengths of the OPA 

O - O's of Ly and La are qualitatively correct. The oscillator 

strength of La is overestimated by a factor of 3 but that of Ly is 
approximately correct. The most surprising result shown here is that 

Sq for the La band is predicted by QiDO to be 3 times larger than Sg 
for Ly. Since these calculations were performed previous to the 

experiments, we were quite surprised to find only subtle hints of La 
in the TPE of BHD. Subsequent calculations performed on slightly 

different geometries of BMD have shown that the TPA intensity of La 
is very sensitive to molecular perturbations. This problem is 

presently receiving attention and a further discussion will be 

included in our upcoming publication.

Conclusion

The two photon fluorescence excitation and circular/linear 

polarisations of benzimidazole were presented and analyzed. An 

overwhelming majority of the two-photon absorptivity is seen to be 

due to transitions in the Ly band while La, though predicted by CNDO- 
Cl methods to be quite strong, is missing in the TPE spectrum. Two 

peaks, not seen in the UV spectrum of BHD, are seen in the TPE and 

these are believed to be vibronic components of the Ly band.
In addition, the 0 - 0  transition of benzimidazole's La band in 

the OPA spectrum is identified, to our knowledge, for the first time. 

Further studies are now being performed in our lab to more firmly
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characterize the TPE of benzimidazole. Tranaitlon denaitiea between 

excited atatea have been obtained and are in the proceaa of being 

interpreted in order to find out what atatea effectively couple with 

Ly to produce atrong vibronic tranaitiona. Also, additional UV 

absorption spectra will be taken to confirm our assignment of the La 

0 - 0  and to attempt to view the vibronic transitions seen in 

benzimidazole's TPE.
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