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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 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 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
four times shorter. Also, the cation of S-methyl cytosine appears to
rotationally diffuse twice as slowly as the netural and anion forms,

In addition, possible sources of the wavelength of excitation
_dependence in the quantum yields of S-methylcytosine and thymine in
low temperature glasses are investigated. Thymine's fluorescence
excitation is seen nearly to match its absorption spectrum inm
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 Gf 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 pK, of S-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 S-methyl cytosine's qnantun yield in hydroxylic solvent glasses.
Cytidine's and thymine's pK,’s are also seen to shift in ethylene-
glycol water glnsses at 1431, the latter by 2.6 pH units to 680

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 L, band,
though predicted by CNDOS-CI to be very intense, is not seen in the
TPE of benzimidazole. Ly's Franck Condon 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 Ly, manifold. Additionally, the L, 0-0 transition of
benzimidazole is identified in the one photon absorption spectrum,




INTRODUCTION

Pictured below are the four bases of DNA,

NH,
H CH3 TN

I

[1]

o7 N |
- H " Hp H

cytosine thymine adenine guanine

Research on the photophyeieal properties of these noleculee hes been
an active field of endeevor for more than twenty years (for review,
se¢ reference 1) Their ebeorptione and elissions have been studied
under varied conditions of temperature, pH, solvents end
concentretion. Ihrough this eccu-ulation of work, there nov»exiete
'y pertial underetendin; of the nature of the ground and excited
states of the bases. There reneine. however, a number of

‘ unexpleined or, perﬁepe. unexplored questions in the eree.‘ The text
of this theeie will eddreee three such problems., The first seetion.
entitled "Polerized Flnoreecenee of 5- Hethylcytoeine" exaninee the
fluoreecence and rotational lifetiles of this cytosine derivetive in

'roo-vte-peratnre aqueous soltuion .; calculated by two different

nethodst




2
The second part of this thesis details an invosti;ntion of.tho
wavelength of excitation dependent fluorescence quantum yields of 5-
nothyicytosino. thymine and cytidine in low tenpotatnro ethylene -
glycol-water ;lnssos. |
Finally, in part three, the two—photon flnorosoonco excitation
spectrum of benzimidazole, a molecule akin to the purine bases, is

presented,

Polnrizod Flnorosconco of S—Nothylcytosino

All the DNA bases are known to possess rolatively lov
flnorosoence qnantnn yieldt (on the ordot of 10" at 20°C), a fnctor
which prevented the detection of their onissions at ambient {
tonperatures until s docado ago (2) Quantum yieldc (éf) of 10 4
conbinod with calculated tndintivo lifotilos of 10 ~8:g i-ply.
thron;h the rolntionship tf =g Of (vhoro Tty and t, are the
flnoresoonco and radintivo lifotines. tespoctively). that tho"
lifotino of tho lowest oxcitod sin;lots of tho DNA bases are on the

ordot of 10~ 12

s. Since tho DNA bnses are thou;ht to possess
absorption bands which are conposito of nore than one electronio
transition. it is of some inportnnco to knov their fluorescence
iifotinos.

If ©¢ values are longer than those expected, emission is from
veakly allowed stntoo and not those givin; rise to stton;ly_nlloved

transitions seen in the typical UV absorption spoctrun. Lifotinoo

.fonnd by use of tho Stticklot—Borg method (3) vould not uncover such



3
abnormalities etnee they depend on 1ntegrntion of the entire first
nbeorption band (4). |
| One way of measuring fluorescence lifetimes is through the use
of tne Perrins equation which is shown below,

1 1 hE

P ( P, + .33 . T

y

where P is the measured fluorescence polarization {P1 = (Iy -
fh)/(lv‘+ Ip)), Py is the polarization in the.nbeenee of rotational
diffusion, and fc ie the rotational correlation time which is a
nenenne of therdecny of fluorescence.

Since the T velnee predicted for the bases are shorter than
their expected rotntionnl co:reletion times, their fluorescence
ehonld be highly polnri:ed and indeed. polnrizetion ratios for
ndenine. gnenine. cytoeine end thynine hnve been found to epproeeh
those seen in rigid media (5.6). An uppet limit of T, can be
ceicnlnteé bf Stokee—zinstein hydrodynamics (tcstick) and
 conptr1eene can be made between T, from the Perrin equation above
and thB ottnined through the Strieklet—Ber; equation to gain '
'ineight into the feneibility of either method. Converely. ‘cetick

‘nnd Tc SB can be eonpared. |

Morgnn end Daniels (6) made uee of the Perrin equation and the
relationships discussed above to examine the 'csB and of 3-
nethylcytoeine (5NC). Tiey fennd whet;vee tnon;ht to be a unique
property in this noleeule. thet of a pH dependent ‘f and 1:- By

plotting the inveree polnrizntion ratio versus the 0: of SNC, they
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obtained a linear graph, the slope of whiqh indicated ;6 them that
tc'ti°k is about 50 times longer than tSP. Or, conversely.‘that
tf‘ti°k is 50 times longer than thB.

Callis (5) obtained quite different results than fhose
presented by Morgan and Daniels (6). Through polar;zed flnoroscoicé
studies at room temperature and low temperature (to obtainlliniting
polarization ratios), he concluded that tcSB is only 3 to 4 times
faster than tc'ti°k for the DNA bases.

Since the results of the two studies discussed above vefo in’
such blatant disagreement, we thought it necessary to 3tndy'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 5MC as a function of pH will
~ appear. In addition, calculated t,'s and vc'tifk values for the
cation, neutral and anion species of 5MC along with experimental
lifetimes will be presented. The results of this vo?k shows that
rotational diffusion times calculated by Stokes—Biﬁstein |
hydrodynamics are, at most, five times longer than'those predicted
by the Strickler-Berg equation and tha; the linear graph of 1/P vs.
6f obtained by Morgan and Daniels is merely a fortnifons property of
SMC and its protonated and deprotonated species{

Wavelength Dependent Quantum Yields of 5-Methylcytosine,

Cytidine and Thymine
In addition to the above study on the fluorescence and

polarization of SMC in room temperature agueous solution, the



photophysical properties of this noleqnle. cytidine and thymine were
exlnined;at loi temperature., Figure 1 shows the absorption (ABS)
and fluorescence excitation specttni (FES) of 5MC in neutral (pH =
7.0) ethylene glycol-water (EGW) at -130°C. You shounld note that
the FES peak is shifted some 10 an t§ longer 'avolengfh than fhe ABS
nu’:lnun. Close correlation is seen in bofh the onsets and ni.nina_of
the two curves. However, the excitation is seen to be # factor of
seven larger noar the 0 — 0 transition '1£h the x;ati‘o declinin;-to 1
at 275 nm and to near .6 at the ABS minimunm.. |

flnorescence exéitation spectra a:e-ner&ly the product of a
il;)lecule's fluorescence ;uantnn efficiency and its absorption.

' sgecttnn a; a function of wavelength, .If tﬁe iuantun yield of a
molecule is not_cogstant across the absorptioi band.-red-shitted FES
will result. Indeed, experiments showed that éf = 35 for
excitation in the 0 - 0 region droppini to 0.05 near the ABS
minimum, which sqeﬁin;ly is & violation of Vavilov's law (a fnrtheti
discussion of thi; lav is contained within the text);

This behavior has been noted for all the DNA bas?s in low
temperature solution (7-15). Vilson, Morgan and Callis (15) have
studl;d the FES of the bases and nucleotides at low temperature in
EGW. All 0f's are seen to drop monotonical}y as excess energy is
absorbed into the noleculei.‘ CMP (cytidine monophosphate) is
especially notewvorthy as its qnantin’yieid is seen to decrease 15

fold as the excitation is increased 7000 cn~l into the first band.
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The fact that wavelength dependent enentun yielda exist for the
DNA bases was first noted in 1965 by H.C. Boere:on (8). From a
study of the photophysical propeftiee of guanine in low teiperetnre
nethenol-'eter.bthis author presented data which showved its FBS.red-
shifted ene‘eonevhet misshapen from its ABS. |

sebeequent etndiee (1.9-15) reported that edenine, the other
purine derivative base, along with the pyrimidine bases (cytosine
end}thyn;ﬁe) end their nueleotidee‘eleo display vevelen;th dependent
qnentue yields in low temperature glassy eelutione. |

Early experiments on the ﬁNA bases at room telpereture in
equeoee eolqtion yielded somewhat the same results ;. those found in
low tenperetu;e solutions, e.g5. red—ehifted FES's (2,16-18). Later
studies have ehovnithet ehy-ine;e FES correlates wel with ife ABS
(18 19), Adenine’s room teleereture, red-shifted excitetien has
been thorou;hly inveeti;eted (20) end results show thet tento-erie-
ie»responeible for this phenomenon, Gpenine and eytoeine have not
beeh well characterized .ﬁ roen‘tenperetnre.
- Severel.theoriee heve been explored in ette-pte to explein the
wavelength dependeney in the 6: of the DNA bases in low tenpereture
glasses., Six of theee poeeible explanations were inveetizeted and
are lieted ‘below ip the order in which they will be diecueeed.

1; Teutenert | -

2. ﬂhderlyin; or hidden transitions

3. Conpetitive~deect1vetionel pathways

4. Local heating
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S. Solveant effects (hydrogen bonding, ionic strength)

6. pH dependence (speciation)

Tautomers

The oxcitation vavelength dependence in the qnantn- yields of
adenino and gnanine hns been shown to be due to tautomeric activity
(21) Crystnllo;raphic stndies hnvo ostabllshed that ndenlne
-resides in the 9(H)-6-aminopurine (9HA) tanto-er in the monohydrate
crjstal (22); Ab-initio calculations have showa that of the eight
possiblo tanto-eric forms, only 7HA haa enough stability to coexist
in solution with 9HA (23). A1l imino tautomers of adenine are
considered too unstabdle.

Tautomers were first postulated as the source of‘adonine's
anomalous FES by Eastman 1# an article enphasisin; this molecule’s
temperature dépendont quantum yield (24). 'ilaon and Callis. actin;
on this clno. investigated and co-pnrod 7--cthyladonine (7MA), 9~
-othyladenine (9lA) (shovn below) und adenine’s photophysical
proporties (11) and have ptosonted arguments in support of ndenine
tautomerization. The unthors constrncted a hypothetlcal solntion
containing both 9HA and 7HA from which they produced expected
expériiontal results. Their pbstnlated 6ntco-e of 90% 9HA, 10% 7HA
combinations shows good igroé-ent '1th‘thoso fo#nd in adenine
solntions.

If Callis and 'ilson weore corroct 1n ussu-ln; that the
difforencos betvoen the ellsaivo proportios of 7MA and 9NA are

representative o: those between 7HA and 9HA. thero can be little
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doubt thai the source of adenine’s wavelength of excitation
dependent quantum yield is the 7HA tautomer, |

Guanine, like adenine, is composed of a parent purime ring with
various substitutions as seen below. An ab-initio study by Mezig and
Ladik (25) calculates that only four of the seventeen pbssible
tautomers for guanine have sufficient stability to exiit in agueous
solutions. Of the four, the following two are ns;nnod to comprise ?
99;9’5 of the total concentrationm, |

o . o | o ; o 0

H 1] ’ Ho ] i

s g - I31
H,N H2N |

2 |
A H H

. 9-H Guanine 7-H Guanine

The pfotén residing on the five noubo*ed fing.h:s been
cohfiried to‘ﬁo atiachéd at the 9 position‘(ls) s -:joritj 61 the
ti-e and in eqnilibrini exists botween the 9-H and 7-H tautomers
tﬁongﬁ th§ eitenf-of thii i; uncertain. Tenpef.ture juhp‘
ther-ody;aiic ifndies hafe not Soen perfér-ed 6# guanine, so It‘.nd
other various i;geticnanﬁ.ther-odyna-ic information is unavailable.

'ilsdn and Callis. in the paper Aescribéd above (21), have
extended the taufo-exic r;lsoning employed for the case of adenine
to that‘of‘gianide;' Along with the fact fhut juaﬁine's FES
rei‘nbi&s thit of 7?-6thy1;ua§ine. thef cite that guanine’s ABS

looks véxy much like that of guanine monophosphate. It was also
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found that 7MG's quentum 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. V

Though some information is lacking and the case for guanine
t:ntonefization cannot be said to be as stroﬁ; as that for adenine,
'the.anonnlons’tluorescenco behavi?r of this molecule is
satisfactorily explained through the §-H —> 7-H‘eq§ilibr;nn.

Tautomeric activity in the pyrimidine bases is not so easily
realized zs_in-the purine bases. Equilvalent prptounting positions
are available, However exchange of protons between thth;o‘lead to
vasgly different photophysical properties in both cy‘osine and
thymine. A fﬁrther'discussion of thlsvpossibility vill appear

within the body of this work.

Hidden Transitions

The search for hidden of degenerate transitions in the
pyrimidine bases has produced nune;ous publications involving varied
experimental techniques. Polarized crystal ibso:ption and
reflectance of cytosine (26,27) has shown that two strongly allowved
n —) n® transitions conpriie the ABS in the near UV. Transition
ponohts inthese st;tes‘lio in plane and the absqrption_pola:izntion
is nearly constant throughout the innds.

‘Pol;riied flnorescoﬁce studies support the notion that band I
in cytoslnd (5), S5MC (6,28) and cytidine (20) is st:onzly‘:lloved.
Polarization ratios are found to‘be high and constant throughout

their respective FES's,



11

Linear dichroic (LD) (29,30), circulaf dichroic (CD)(31) and
magnetic circular dichroic (MCD)(32) spectra of cytosine also show
that transition I is probably pure and nondegenerate. o

In the case of thymine, similar stndioa.havo been perto:-ed..
Thymine, 1like cytosime, has two strongly allowed transitions in the
near UV, as demonstrated by polarized absorption (33). Some
evidence has been forvardodbtor 8 woakly abso;binz band at 264 nm
(34) with an oscillator atrength of ca. .606, 8 factor of 200 to 300
10;; intense than band I. D spectra (31) confirm the idea of a
messureable underlying band. but position it at sbout 240 am, A
recent roport on the polarized fluorescence of thymine proposes that
8 band is undorlying Band I between 270 and 290 nm (33). However,
10 veriation in the é; was scen in this area. o

Thoro is no donbt that undetected tranoitlonl exist in the
pyrinidino bases. Hovevor. the presonco of such band has yot to be
proven in the case of 'avelongth of oxcitation dopendent ‘f s. Dne
to this fact, this idea will not be oxplorod in the text of thic .

thesis,

Competitive Deactivational Pathways

Violations of Vavilov’'s lav was postulated in early work by
Hansvirth and Daniels (16). VWilson et al, (15), in a paper
published previous to their conclusion that tsutomerism is
responsible for the wavelength dependence in ;dcnino'and guanine
(21), logically explored this possibility torAill the DNA bases.

The form of these violations could either bo'intornll convortion or
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intersystem crossing occurring from vibrationally excited levels of
the first excited singlet state with increased rates. Gas phase
expetinonts on‘isolatod molecules show that this occurs more often
than not (36) and indeed pyrimidine, the parent compound of cytosine
and thynine, shows a red-shiftod FES under these conditions 37.
Rates of internal conversion are spoculatod to bo near 1012 sec -1

for tho b:sos. (15) 80 co-potition betvoon denctivation path'ays

' could concoivably occur.

Local Heating

Quantum yields of cytosine and thymine display considorable

"temperature dependence, increasing by more than two orders of
magnitude in going from room temperature aqueous solution to low
temperature EGW glass. In fact, this Ax;henius type variation of
flno;escoﬁce intensity with tonperatpre has b@on found for all the
neutrsl DNA bases. Having knowledge of this phenomenon and
-faniliarity with the problem of noncoincidoﬁco in the ABS and FES
curves of the DNA bases, Reed Bovala‘(ss) suggested that the two

could be ihterrolatod.,

‘He proposed that when absorption is into the zero vibratonal
level of the first excited state, no excess molecular energy 1is
present so fluorescence will occur from a state in thermal
equilibrium with the bulk solvent. VWhen energy is preseat beyond
the amount roqn}fod to resch the fluorescent ;tato (S1 with no -
vibrational quants), this emergy must be dissipated in vibrationsal

motion, juo.. heat. If the thermal conduétivity of tho_noi;hboxing
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molecules (usually solvent) is fnefficient, then the effective
temperature felt by the fluorescing :olecilo will be above that of
the bulk thus lowering the probability that doactiQation will occur

through flnorescinco.

Solvent Effects

" The theory of solveat interaction with solute molecules to -
produce wavelength dopondont ‘f s has already born fruit ia tho case
of thymine in that this solecule was found to have a coincident FES
and ABS in ethanol-methanol-glass at 77! (39). .

Kogan and Becker (39) in a paper dealing with fluorescence
properties of thymine and several nethylitod uracil dorivative;.
have invoked the folloiinj argument to explain the difference in
‘ their results for'thy-ine in ethanol-methanol (EN) ;laisos and thogo
found in our lab in rigid EGW. They proposed that in hydroxylic

solvents, the followving equilibrium is active,
N + oROH — Nm‘(vkoin)n’ A (4]

vﬁere N is a DNA base, aucleoside or aucleotide, If N'"ROH has a
very high quantnn yield, an absorption spectrum shifted slightly to
the red of the mon-hydrogen bonded spooios, and a nogli;iblo :
concentration, then the observed excitation spoctrun of N would be
red-shifted relative to the absorption.spectrun. Lo;icallj, it
solvents of loy bhydrogen bonding strength are used, litflo or no
varistion in the quantum yield will be found across the absorption

bands. In support of this theory, they present excitation spectra
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fo:‘the investigated molecules in EM and methyl tetrahydrofuran
(MTHF) at 77K which are remarkably coincident with their respective

absorption spectra.

PH Dependence

The iast posqibilitf to SQ e;plorea is that of solntidi’pn‘
eff?cts on.the ionic distribution of molecular species. Equilibrium
con;tants“r;poffed for the DNA.bise: ai§ from room te-perutufe '
aqu;éus solugions and probably are not correct for low temperature
glassy solutions.

Adenine and guanine pKa's have been observed to shift to hi#her
~ values in EGW at 77K (7). Ve discovered that 5MC, cytidine and 5-
methyldeoxycytidine and thymine all di.plafed pKa's 'hich ;e?e
increased by 2 to 3 units. As the writing of this thesis was in
progress, an untranslated article appeared in a ku;sian Journal
(40,41), vhiqh detailéd the pKa change of cytidine at 77!.'-Tho‘
scidic equilibrium constant of this molecule was shown to shift from
the room temperatﬁre pH of 4.6 to 5.9 in EGV glass at 77K.
Introduction of thg highly fluorescent (at low temperature) cationm
is responsiile, in part, for the red—shitted FES seen in that
molecule. Residual wavelength dependency in the Qf is explained by
solvent interaction as described for the case of thymine in EN
glass. Our results, obtained independently, support this conteantion
but show slightly differont valuves for the pKa.

" ‘Data and discussion presented in the second p;rt of this thesis

will examine each of these possible explanations for the wavelength
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dependent df s of the pyrimidine bases in low temperature ;laasy
solutions, S-methylcytosino was chosen to replace cytosine as a
working -odel, since the latter cannot be obtained in a
fluorescently pure form through the no:nal biochemical suppliers,
The substitution of a methyl group for a hydrogen ha; been showa to
introduce very little change in the resultant ABS and FES of

lolocdies. so the results presented here for SNC should be directly

applicable to the base.

Two Photoi Excltatioh of ﬁcnzilidnzole

As was discussed to some degree earlior. there is much interest
in the true nature of the state ordoring in the DNA bases. Tho
oloctronic states are not well understood and, in some cases,
ttansition nonont ditections betweoen tho ground states and the lower
oxcifod states ‘have not been ngroed uwpon (1). Much of this
nncortainij sfe-s from the‘natnro of the ;no photon absorption
.procossoi in the>DNA b;soi.k All display broadQ int?nse ibiorption
:bands in the UV‘region of 200 nm to 300 nm. In addition, although
purine and’pyrilidi;e;‘thovparent -olqcilés of the bases, oxhibit n
- a‘ trnnsitions of neasnrenble intensity (42,43), such states are
nissin; or are vell hidden in the corrosponding bases. |

Atto-pts at nodolln' the olectronic ttansitlons i; tho bases
have roliod hoavily on the Platt model (44) for benzene. " This
nolocule has nolocular orbital oner;ios and synlotry'pattorns which

result in the follovin; oloctronic dia;ra-.
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where nncircled nnnbees refer to molecular orbitals and circled
numbers are trnneition of eleetrone betneen l(OI'e. Linear
co-binetione of transitions 1 end 2 nnd transitions 3 and 4 give
riee to states Lb, Bb. La end Ba eeeordin; to Plntt. States Ba and
'Bb are very intense in the UV spectrum of benzene 1ndienfinn that
they are etron;lyvnlloved. Lb is eynnetry forbidden bnt geine venk
intensity thron;h vibrational conplin; (45) |

Pyrilidine, the parent of eytoeine and thynine. refleete much
of the fentnres of benzene 1n ite UV spectrnn. It can be thonght of
as benzene 'ith tvo nete hydroxens moved into the rin;. The
presence of the rin; nitro;ene hovever. give :1ee to n —) n®
treneitione. one of vhich becomes the loveet ener;y treneition in
the UV spectrn-.

'hen exocyelie heteroetone are ndned to pyrinidine to forn ,
cytosine or thynine. ennlo;y between the oy ebserption ef the former
and the letter beeonee very nneleer. " The tvo beeee belon; to the
eynnetry group Cs, Therefore. there are no eynnetry teet:ietione on
their electronie tteneitione s0 states which were fotbidden in

benzene for this reason are quite allowed in the bneee. The lowest
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ener;y tteneitione in these noleculee have oscillator ettengthe of
0.1 - 0.2.‘ At thie point. it heoonee clear thet one photon ov
ebeotption spectroscopy feile to yield the infornetion neeeeeery to
‘identify end cherecteriee the electronie etetee of the base.

As can be seen fro- the ehove. nndetetending of the eleotronio
states of the pyrilidine heeee thron;h enelogy with thoee of benzene
nein; only the one photon absorption epeettnn can be quite
difficult, This difficnlty ie preeeed to the llnit. ho'evet. if one
extends the benzene nodelin; to the cases of the purine beeee.
‘edenine’end ;nenine. Even purine s one photon UV ebeotption is not
'ell nnderetood on thie beeie. since ite etrnotnre tepreeente 'y ﬁ
neeeive perturbetion on that of benzene (1).

It is clear thet fnrther info:netion ie reqnired to fully
cheteetetize the ebeotption of the DNA beeee 80 we decided thet‘tvo
hoton epeetroecopy elon; vith -odified nodelinz teehniqnee could
provide nuch of the deteile 'hieh are nieein; in the UV ebeo:ption

pietnree ot the DNA bases. . ' | »

Tvo photon epectroeeopy is a teletively new teohniqne bnt has
elreedy ehovn ;reet proniee as an experinentel tool (46 41).‘ The
poesihility of s -oleonle eheothing tvo lov enet;y photone-
ei-ulteneonely to :eeoh s finel state was first theorized by MNaris
‘ Goppert—leyer in 1931 (48). bnt was not eonfit-ed experi-entelly
nntil 1962 (49), after the edvent of leeere. The princlple of two
photon ebeotption (TPA) ie much the same as thet fot one photon
absorption (OPA) except instead of a molecule absorbing ome photon

of ultraviolet 1light, for imstance, it will absord twvo photons of
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- visiblo light to reach the same finnllsfato. Absorption of tho‘
first photon is into & virtual state vhioh has a lifoti-o on the
" order of 10 -13 s, 80 nbsorptlon of the second photon -nst ocour
vithin this tl-o span, To havo a reasonable probsbility of this
ocou:ing roqulros s very high donsity of photons, one vhich can only
.bo ptovided by lasor excitation. Tho solection rulos for TPA are
complementary to those for OPA. This propotty allovs one to observe
transitions in TPA which are normally wosk (for-ally forbiddon) or
hiddon in OPA. In addition. TPA using linear nnd circular polarized
light can reveal information concerning the syllotry. vibrational
modes and ttanoifion moments of moleocules that 13.1-possiblo to
obtain through OPA.

| This tochniqno has already yielded a wealth of new infor-atlon
about the oloctronio states of bonzono (50) and numerous othor
nolocnlos and ato-s (for reviews see roferences 46, 47) Callis.
Soott and Albrocht (51) have recently roportod tho TPA of
pytinldino, a noleoulo of zreat interest to us, Thoy have fonnd the

Ly transitlon in this molecule is made allovod only through vibronic

coupling and that a second n —) x® transition peaking at ca. 480 nm '

(240 nm in UV) is present.
In addition, these same authors have developed new methods to
lintorprot 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 1aid in our group to obtain the TPA
spectra of iolecnles r&lated to thymine and cytosine, e.g. molecules
which are more hijﬁly pertﬁrhed than pyrimidine but less distorted\
than the basei; we have begun a nev modeling scheme for the spectra
of the purine bases. Figure 2 shows pictorially hov we are
proceeding in obtaining theoretical and experimental information on
these nine membered ring systems. You will note, follo'i;; the
arrovs, that ;ach -oléénlo poisesses a slightiy more conpi?x x
electron sjstgiifhsn tie -olgcnle preceding it. »CNDOIS |
calcniations. transition densities (52;53) gnd calcui;tions of two
photon absorptivities of each of these molecules has already been
performed.

In chapter 5 of the text, the two photon absorptivities and
| citénlarllineaf'polatization ratios qre‘presdnf;d for benzimidazole.
Spectral fentn;;s of this spectrum are discussed ;n light of CNDOS-
CI calculations and results of benzene. fn addifion, dats is

. presented.that, for the first time, reveals the\L. 0 ~ 0 in the one

photon spoctfn- of this'-olecnle.



H
H
'BENZIMIDAZOLE PURINE
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_GUANINE ~ ADENINE

Figure 2. Structures of benzene and various nine-membered ring
systems, . '
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 EXPERIMENTAL
One Photon Experiments

Solvents |

The va;ioﬁs solvont:rnsed to form glasses were selected on the
b;sis of sove£u1 criteria: 1) The desired solute molecules had to be
soluble eibigﬁ in'tho solventkgo frodnce an opticni density of ca.
0.30 at fﬁo absbrption -ixinui. 2) Due to equip-oﬁt 11-itations. the
solfent had to féfn a clear uncracked glass at a to-poratnr; above
77[.,and 3) The Qolf?nt.ﬁad fo be opticuliy trinsﬁiront in»thé :egién
6f intefost. Listodhbelov,i:o the solionts employed, their
commercial véndor4‘;d the means used to pﬁrify thoi.

."Ethylene glycol was obtained from I;]L Bakef Chemical Cb-pany
(roa;on; gridﬁ). 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 th§ Raman
height and the maximum absorption between 240 and 310 nm was less
than,OJm' Ethanol was either Gold Seal (food grade, 100%) or
‘yndenaturod bulk (95%). In either case, ome liter was r;flnxedAvithr
10 grams calcium oxide for two hours, ffaction;lly distilled,

" stirred with activated charcoal and filtered throi;h s medium glass
filter, 'h;n the ethanol was to be mixed v#th sothanol to form a
;lais. activated éhurcoal was not used since it was found to affect

the neutrality of this solvent.
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Methanol was obtained grom J. T. Baker (Phototrex grade) and

. usually required mno pnrification. If impurities were pre:ent. the

solvent vas stirred with ‘ctivated chnrcogl and filtered.
Isopropanol was Baker reagent grade or Bnker:"phototrex" high.

fnrity. 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 froi J. T. Baker Chemicals as s bulk
reagent. A one liter portion was stirred 'ith ca. 200 =1 of
concentrated sulfuric acid for 24 hours, washed with two 100 ml
aliqhots of’:odiu- carbonate, then fractionally distilled. Tﬁo
middle fraction was collected, stirred vith flame activated charcoal

"and filtered through fritted glass. Cycloﬁexane and hexane were

prepafed in the4sane manner,

Buffers

Phosphate buffers were employed in all aqueous solutions unless

the effect of the buffer was being scrutinized. To obtain s 01 N
phosphate buffer, 25 ml of .04} phosphoric acid was pipetted in}o .
250 m1 beaker and stirred with & stirring bar. A Corning model 12 or

a Sargent-Velch model NX pH meter and s nicroelectrode'vn: ised to
monitor the pH of the solution as pota::inn hydtoxido was added
dropwise. When the desired pH wvas obtained, tho solution was dilutod
to 100 a1l with distilled or, tovard the end of this work, deionized
water, the pH was rechecked and spectroscopic (fluorg:cenc; and

absorption) measurements were taken to determine the purity.
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 Buffers not containing.phosphate were obtained in a similar

manner, i.e. starting from parent acids. When high or low pH's were

deiired. solutions were made of unbuffered acids or bases.

Instruments

Room Temperature Fluorescence Agnigg;ng.' Fluorescence

measuremonts were obtained on the configuration 6! instruments shown

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

below.

A.

Sonrée Power Spppiyé A variable Eur;ent is-b‘iips) and
voltage (18-19 volts) snpp1§ obtained from Oriel Optics
(model C-72-20). |

Source Light: Osram 150 watt hi;ﬂ pressure xenon lamp
which provides a continuum of 11;h§ throughout the UV and
visible spectrum.

Excitation uonocﬁio-at;r:’ ﬁan:ch and Lomb grating
monochromator with -1cro-eter~controlled'tlits and a
calibfated drum wheel that provides wavelength selection
wvith a readout accuracy of 0.5 nm. A quartz lens mounted on

the entrance slits focuses the source light onto the gratln;

 and qu:rfz wedge depolarizers af the exit slits relbvé any

polarization introduced by the grating.
Polarizer: A single Polacoat PL-40 polarizer was mounted on
a rotatable mount with a threaded seat which screwed into

the face of the excitation monochromator. Two screw stops
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Figure 3. Optical and electronic components 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,
Focusing Lens: A quartz, p;ane-convex lens with a 60 mm
focal length., The lens is mounted on an X transiatahle
stage and has a calibrated itis'shutte; thaf is used to
éonttol the amount of excitating light reaching the sample.
Sample Mount: A translatable stage vith 2 1.0 om cell
holder -oqnted a fixed distance from the focusing lens on
the entrance slits of the fluorescence monochromator. The
st;;e can be translated on an axis perpeandicular to the
fluorescence monochromator so that the excit;d region can be

brought into the full field of view of the fluorescence

. monochromator. Room temperature measurements were performed

on s;-ples contained in 12mm X 12mm X 48am (10mm X 10mm X
47mm inside) fused silica fluorescence cells.

Fluorescence Monochromator: This -onochroaat&r is identical
to the excitation monochromator and is positioned ;t s 90
degree angle from the‘ﬁonrce with a quartz lens mounted on
the entrance slits to focus the sample emission on the
grating. The wavelength selector is driven by a

potentiostat-controlled synchronous -otOt'that can be

‘removed and cranked by hand.

Photomultiplier Tube (PMT): An EMI 9558 QB, 13 stage quartz
envelope PNT nopnted face on at the exit slit of the
fluorescence monochromator. This tube is iensitive to 200~

850 nm light and bas s gain of about 108 when operated at -
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1150 V. Calibration curves for this PMT were determined
empirically and will be discussed later.
: I. Photometer: A Pacific Photometric model 11 nnplifier with a
0 - 2000 volt varisble power supply used to provide high
voltage to the PNT. The amplifier has a zero offset for
dark current subtraction and a variable gain setting which
offers a range of orders of magnitude. -
¥, XX Reconder: AVHevlett Packard -edel 7030 X—Y recorder
potentioetetieelly 1inked to eitner the excitation or
fluorescence monochromator via s eeleceor switch. The Y
axis length could be adjusted either by the gain selector onm
v‘the photometer or by the Y axis magnifier on the recoider.

Spectra were recorded on standard 8" by 11'" graph paper.

Low Tenperetnre Elnoresgence Aggeretgg When eiperinents were

penforned:nt lese thnn 293k, the senple holder vee repleeed by either
s ensten bnilt Snlfrinn de'nr or & Jenie nodel 8DT liqnid Helnitto;en
dewar, Vhen the Snlfrinn de'er vas enpleyed, a Snt;ent-'eleh Dno—
Seal vacuum pnnp contlnnonely evacneted the onter jacket end eir vas
blown across the vindovs of the dewet to prevent fogging. Coolin; of
the ennpie was ncnieved by boilin; liquid nitroxen contained in a 10 |
11&.: etofeje Jeeer and pneeing the exhenet gae directly over the
sample, Temperatures down to 110K oould be reached in this manmer.
In experiments teqniring temperatures leee than 110K, the Janis

‘dewar was used. Previous to usse, this dewar vas evacuated with s

nonghin; pump and an oil diffusion pump to ca. 10”5 torr. The devar,
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noﬁnted on a X-Y translatable stage, was then positioned in tho‘
fluorimetér and filled with liquid nitrogen. Abnicrovalve was used
to adjust the flow of coolant between the inmer jacket and th; sample
compartment, »koon temperature air vgs‘fassed through a drier and
then blown.ncross the sample cell to reach temperatures above 77K
'hen desired " o “, o 4_‘ -

A digital thernoneter (desi;ned by Dr. Richard Geer) vas used to
nonitor te-peratnres belov n-biont. Expori-ontally, the diode sensor
vas plnced in direct contnct with the sample cell and hnd a tesponse
tine of less thnn 5 seconds vhen nffected vith ' drnstic temperature
change, | | |

A solvont tends to contract at tenpetntutes neaiing its glnss
point, thus oxorting inward prossnre on the container to which it
adheres. For this reason, custom built thick walled fluorescenco
cells were u:;d in nil low tenpérature experine#ts. Two purticular
cells were enployed in most experinents. both having outside
dinensions of 12 am X 12 mm X 23 mm, with one having 1nside
dinensions of 6 mn X 6 mm X 20 mm and the other 3 mm X 3 an x 20 =m,
These cells were utilized in both nbsorption and flnoretconce
measurements and were found to 1ntroduce little or no added

scatterin; to the flnorescence 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’

- sample compartment and cooling was affected as was previously

described.

Experimental Procedure

Room_Temperature Fluorescence of 5--etgxlc!togine (SNC). A1

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 seversl wavelengths of excitation, If a flat
fluorescence background was observed (i.e. the solvent was clean),
SMC was added directly to the cell and the solution was repeatedly
drawn into a pasteur pipette uatil complete Qissolntipn was obtained.
Fluorescence spectra, including excitation with polarized and
unpolarized 1ight, were recorded with the sample mount carefully
Positioned so that the fluorescence monochromator viewed the maximum
fluorescence intensity. An unpolarized flnorescence'excitation.
spoctrum of a Rhodamine B (Rh B) (3 grams/liter) quantum counter
solution was recorded in conjunction vifh the above to ionitor the
daily variance in source lamp intensity.

When fluorescence measuroments were completed, the sample, still
contained in the 1.0 cm cell, was transported down the hall where its
UV absorption was determined. If an optical density of greater thui
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/VIS/IR spectrometer, scanning slowly from
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330 nm to ca. 240 nm with stops every 10 nm to mark the wavelength
and absorption.

The above procednre was repeated on 18 different buffers, though
occasionally more than one sample was processed per experiment end.r

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

Low Tenperetnre Exgeri-ents. Ethylene ;lycol—'eter (EG') 60 40
by vei;ht ('/v), ethenol-nethanol 3:1 'I' (EK). -ethenol-vater 12 1

w/w (MVW)- and iropropenol-ieopentene 1:1 '/v (IIp) were 'eighed on a
triple bee- belence and nlxed in 100 ml glerr rtoppered volnnetric
flasks. Fluoreecence end ebeorption spectre were recorded for each
of these glass forming solvents prior to use. Ten ml of the desired
solvent‘var transferred to a clean, glass stoppered 10 ml erlenneyer
flask to which a small amount of solute was added. A UV ebeorption
spectrum was recorded and the solution was diluted until a maximum
optical density of 2.0 was obteined..,Thir qualification yieided
solutions which were 0.1 to 0.5 nilliroler. A small portion of this
solution was then transferred to a thick walled fldoreecence cell,

" The diode thermometer probe was affixed to the sample cell holder
(baving been previously celibreted in liquid nitrogen (77K) and ice
water (273K)), the sample cell was -ounted and the entire assembly
was inserted inte the dewar contained in the flnortneter epperetue.ﬂ
The signal was maximized by.treneletini the stage reletive to the.
viewing monochromator. A variac controlling 8 heating coil in the 10
liter storage devar was adjusted until the proper tenpereture was

obteined. Air was blown across the dewar windows to preveat foggii;
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¢

and the glass quality was monitored by viewing the Rayleigh

sesttetin. of blue light from the solution.

Once the desited temperature had been reached and maintained for

ca. 5 -inutes. the sample was trsnslsted on an axis perpendicular to
the vieving nonoch:onstor to nsxinize the photocurrent., Fluorescence
spectrs at a nininnn of two different excitation wavelengths and
flnorescence excitation spectra at two difierent vie'ing wavelengths
were recorded Yhen phosphorescence was observed, an attempt was
made to obtsin an excitstion 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 fstisn 634 UV/VIS spectrophotometer, ‘Ss-ples were poured
into the thick walled cell, the diode probe was attached to the cell
‘holder and the holder was inserted into the dewar, Coolin; was
affected in the same manner as for fluonescence spectra. The
absorption of the solution was continuslly monitored in o:net to
cetect fogging of the windows or deterioration of the solvent glass.
Vhen the desired temperature was reached, the instrnnent was zenoed
at a vavelength just to the red of the onset of absorption and the
absorption specttnn was recorded sesnning from low to hi;h ene:gy.
Since the bsckgtound sbsorption was not negligible. a blsnk spectrnn.
i.e. the nbso:ption of solvent. cell and de's: vindovs. was slso
recorded in conjunction vith esch sn-ple spectrn- snd snbttscted from

the totsl sbso:ption.
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Cai;bration; The two absorption iﬁstrumentlv(Cary 14 and Varian
634) were caliﬁrated versus the spectru; of benzene in hexane.
Spectra recorded on the Cary 14 were alviys sccurate to vithin.s am
vhilg those on.the Varian 634 varied by up to 2 nm. If a large
deviation appeared in either instrument, 9or£ections vetc made by
loosening the 'avelen;th drive and readjusting the tilt of the
;raéin;;

Calibfation of the fluorescence monochromator was performed by
shining a low pressure Hg lamp directiy 1nt6 the viewing
nonochgonator with fhe gliis at about .15 mm width, Vavelength
readings were reéorded at each spectral peak in the entire mercury
- (Hg) spectrum. Deviations of the spectral peaks relative to those in
the published Hg ;pectru- ;ere 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 1ight from
the excitation monochromator into the viewing monochromator and thus
cross reference the two wavelength drives. Periodic checks were made
of th; ;ynchronization of the tvo monochromators by v}eving the 3600
.cn'l Raman line ofbdistilled vater. An a;ree;ent to within 1 nm was

generally accepted.

Corrections and Calculations. Day to day variations of the

xenon source lamp intensity were monitored by either recordin( th§
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 fo;-erlnethod is preferred. The Rh
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colntion is assumed to ebcotb ell the incident light 'ithin the
firct fow lilli-etere of the cell and, cince itc quentu- yield is
near nnity, the flnotescence intensity is no lon;ct a reflection of
the solntion.c quentun yieid but only of the lamp intencity.. The
second cnd lecc effective method of -eecnring le-p fluctuetione vas
by scaiin; the height of the Re-en spectru-. This method is very
sensitive to contamination and ce11 positioning, ﬁovever. it hec the
ettrection of eveileoility since the.flnoieccence ofveech coivent 'ec
recorded prior to the‘eddition of colnte.ﬂ Though variations in lamp
intencity were cccn-ed to be negii;iole dnrinc the conree of the
experi-ent, the reletive heightc of the Re-en cpectre were used to
A verify that fact. - - |

Bnck;ronnd e-iecion fro- colventc nnd flnoreccence cells ucuelly

was lesc then 1% of the totel flnoreccence. Hovever."hen
corrections were reqnired the beckgronnd was lnltiplied by the retio
of the ce-ple solution Re-en peek hei;ht to the colvent Re-en peek
hei;ht end cnbtrected frol the eniseion spectrun (5) In all cases,
this correction e-onnted to lecs then S% Verietionc in censitivity
end efficiency of the vie'in; -onochro-etor end photo-nltiplie: s s
fnnction of vevelen;th were deter-ined by the nethod of Pctket (55)
Thic entailed placing a X;O screon at a 45 de;ree nn;le in the -
opticel intersection of the two nonochro-etors end reflectin; light
fro- the excitation nonochro-etor into the e-iccion -onochro-etor.
E-iceion‘cpectte were then recorded at 5 nm intervais from 280 nm tot

550 nm., The peak heights obtained in this manner vere'diiided by the

excitation spectrum of Rh B to correct for the variation in intensity
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of the excitation source and the resulting ioctor reflects the
response of the detection appatuins. All fluorescence spectra
presented in this work vefo divided by the vector obtain@d by MNr.
Berk Kii;hton (18). | | | |

The bandwidth and thus the res;lutio; of any fluorescence
instrument is #ependenf 6n tho'slif '1dfh‘of light‘aliojed to reach
the grlting; Iﬁ oui instfi;ont.;; slitvvidth';f 2 mm in thebvioQin;
nonbchto-utot yields a b‘andiidth of 13.2 am, ‘Thérefdre; it |
resolntionkin the fluorescencégsyécfru ii‘to bo‘iéhievod. one iusf
view a small portion)of'tho‘sa-ple celi. This is not a ytoblei when
‘dilute samples are used. However, if sblutions of greater than .05 .
optical density are used, which was -or; often the case tham not in
this work, the intensity of the source light éannot be assnn;d to be
constant fhrou;hout the cell. This can be compensated for in ome of
two manners., A standard solution of a coniound with a known ‘quantum
. yield can be made with u.natchinx opticgl density. By recording the
. fluorescence of .both tﬁo sample and standard sinultanepusly.-the

sample fluorescencolintensity can be found relative to that of the

standard. An alternate method and the ome presently used in our 1lad,
is correction of the absorption spectrum using an empirical equationm

that takes ;nto account the beam absorption along the_eicitation path

and the geometry of the detection sysfhl.' This equation was derived:
by P. R. Callis and a more extensive explination can be found in

references (18,56). The equation is
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G=1-( 2303 ) (51

vhere G is the corrected absorption valni, A is the solution
sbsorption per centimeter and a is the effective path lengthbof the
cell, The a value used lﬁ this work was obtained by Mr. Tim Aoki
(56) by taking the ratio of the fluorescence intensifios of two
tryptophan solutions having different concentrations and finding a
unique value which makes the ratio of G values calculated for.the tvo
solutions equal to the ratio of their fluorescence‘intensities._ A

value of .21 cm was used throughout this work,

Interpretation. Raw uncorrected ;xcitatlon spectra were
obtained by setting the viewing monochromator to a wavelength within
the fluorescence band of a compound and noasnrl#g the fluéroscence
intensity as a function of excitation wavelength, This essegtially '
gives the quantum y;old as & function‘éf vayolength and, if this
value is constant.throu;hout the absorpgion band..tﬁe e;citatlon
onctru; will merely reflect the light absorption of tho‘solution.
Experimentally pbtained fluorescence excitation spectra are corrected

by application of the following formula,

B> . AbsB ,
E(corr) = Tav [6]

G1 * Epg

where G is the factor discussed above, EM _ is the uncorrected

Iavw

excitation spectrum, Abs* i the absorption spectrum of the solution
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‘and E&B is the excitation spoctrun of the quantun counter. Thoso
spectra were usually nor-all:od and plotted along vith the norlali:ed
absorption spectra, |

Quantum yields were calculated relative to a standard solution
of L-tryptophan, which has a generally iéceptod quantum yiold of .15
(57), by uso‘of the followving formula,

& Fcoa e

"= (71
(LI A (IS UL VO

'he;o F is the product of peak height and meter gain, A is the ares
qnder the fluorescence curve (normalized to unity), I is the
intensity 6! the quantum counter si;nal>and G is the factor discusaed
above, The subscripts s and t denote sd-plo and L-tryptophan
ﬁuantitios. respectively. Roﬁrran;o-ont_df this‘oxprosqionkyield::
Fg * A, | “t " G% * It

o = X - (sl
6k - 1} Fe * Ay |

and it is readily seen that the socohd term on fhe right-hand side is
constant, the value of which vas determined to be 5650. It should be
noted however, that previous studonts'havo found a variation of 10% ‘
in this constant (18,56).

"In some of the 'ogk done at room toiporatuto..qnantnn yields .
were calcnlatod from fluoreacence spectra oxcitod by polarized 1light.
. Since the DNA basos ollt very rapidly with fluorosconco lifetimes on
“the order of 10712 s, corrections had to be made for the dlroctional

emission of theso 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 iandonly fluoresgin; solution.

A‘f"fm[—sa-rr] T

where S = <cos2 0) and O is the angle‘botveen the absorbing and
emitting moments. Quantum yields corrected in this fashion were -

found to be invariant to those found using unpolarized 1light.

" Two Photon Biperinonts“

Lasers

The nitrogen laser is an NRG-0.5-5-150/B and was obtained from |
National Research Group in Madison, Wisconsin. The ipocifications 4 .
for this 1nstrn-ontAare: |

Lasiﬁg Wavelength: 337.1 nm |

Pe;i Power: 500 kv at 60 pulses per second

Pulse Duration: ' 5 nanoseconds full width at half -ﬂxinnn

- Average Power: 150 =¥ at a repetition rate of 80 Hz -

vaqr Roqii:onenfs:‘ 550 watts at 115 volts, 60 Hz. =
Nitrogen gas vas\p:bvided to the laser from a 100 liter liquid
nitrogen devar with regulators attached to the gas release valve.
Under normal operating conditions, one dewar of liquid nitrogen
supplied emough gas to runrthé laser ca. two wveeks.

Reduced pressure in the nitrogen'diicharjé qavity was obtained

from a Kinney Vacuum pump, model # KC-8, capable of 8 cubic feot per
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minute through-put, Discharge from the pump is vented into fho
building drain system.

Experiientally. the laser was run at 10-20 Hz with a spark gap
pressure of 30 psi and a cavity pressure of 120 -illibars. Operation
nf these pressires are reporfed to give maximum poak»pover with a
minimum pulse width, | |

The'be laser was also obtained from National Research Groupvand
is model NEG-DL-0.0B.: Tﬁe beam from the nitrogen pump laser is -
passed throigh a 1.5 inch cyclindrical lemse and focused onto the
front surface of a‘qnarti valled'cbll."nye solution is continually
flowing thgongh this cell to prevent photochemistry of "burnout’’
of the dye. ‘The‘sidevdlli are also slanted to prevent lasing from
the cell surfaces; :

The‘febdbick -1::6:; 'y bnitiélly—refiectin;uglgss plate, is
positioned to rpflect'a portion of the fluorescence Fo'p,ss back
through the cell, thus obt;inin; a small degree of gain, This beam
is gathered by a telescope and expapdgd onto a 316 linqs/ni ;rqtin;
which is qoqntgd_on 'y rofitable platform, Adjnstngntvof the plnffor-
is made using a licro-oter t; feed the selected yavelen;th of light
back thgqngh the telescope and through the excited regionrof the dye
cell; 'avelen;th scanning of the dye lgser is accomplished by‘_
adjusting the t;lt .n;lo-of the grating relative to the baio vifh 'y
‘nicro-gter._ To facilitate’qnick reproducible scanning, a steppin;
lotqr and belt gearip; were ;ttachod to thg tilt nicrbletef. Light
pulses fro;\tho dye laser are pasied.through an{iris to b;ock ‘

.unvnntpd stray light.
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Laser dyes were obt;ined :ro- commercial vendors_and were
reagent grade, where possible, and laser grade when the dye vas-.
unavailable as any other grade. Each dye was used without further
purification, Table 1 gives the lasing range, vendor, -olecnlir
iei;ht and concentration in grams per unit volipe of solution for the
dyes used in our experilents. Solvents used to make dye solutions
were reaient grade, all from J., T. Baker Company with the exception
of EtOH, which was absolute (food ;rade.) from U.S. Industrial
Chemical., Dye solutions were mixed and stored in 500 ml containers
at room teiyetlture.' Dioxane or toluene based solut{ons vere

isolated within a glass fronted hood.

Electronics and Fluorescence Detection

Components for the tvo.photon excitation apparatus were
purchased and built in the period from February through Julyvof 1982,
3010' ii a description of each element shown in Figure 4.

A. Pulse generator: This device was built by the qnthbr and
Figure 5 shows a circuif diagram of it along vith a jrapgiof volta;o
going to the nangate versus time after laset.pnlse.v The diode.
enclo;ed ih the dasﬁéd box, is positioned vith;n the dyek;asor. When
the laser fires, the rés;stanco of the diode drops from ca, 2 -oi g
to around 200 0. This re;ulti in 99.9% of the 5 V being dropped
across the 2K resistor, fﬁo pnlsehis then shaped by . nandgate (CMOS
4093)_an4 output to tﬁo pulse delay circuit, | » : | |

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

and was patterned after the control circuiting for the coamstant
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Table 1, Specifications of laser dyes.

/’

Dye A(lasing) VYendor Solvent MNol. Wt. Coxnc.
am ' . g/
500 m1

P—quaterphenyl 360-390 Sigma toluene 306 1.07
a-NPO 393-423 Sigma toluene 271 0.33
PPO 359-39 Baker toluene 221 0.66
DPS 396-416  Sigma  p-dioxeme 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
Bis-MSB 411-430 Chemalog p-dioxane 310 0,19
POPOP 425-451 Sigma p-dioxane 364  0.18
Counatin‘lzo : - 420-460 -~ Sigma EtOH 246 . 0.92
Coumarin 1 . 440-478 Aldrich EtOH 231 1.15
7-dimethylamino, ’

4-methylcoumarin  440-460 Sigma - EtOH 203 1.00°

- T-hydroxy,4-methyl o
coumarin 480-505 Aldrich EtOH+ 176 0.176
o , 1 N HC104
7-hydroxycoumarin 480-505 Aldrich EtOH+ 167 0.167
. : 1N BCIO‘

7-diethylamino, : .

4-methylcoumarin 420-450 Aldrich EtOH 231 0.50
Coumarin 102 460-480 " Eastman EtOH 255 0.50
Coumarin 307 495-5217 Eastman EtOH 2711 0.50
Coumarin 152 515-545 Eastman EtOH 257 0.50
Coumarin 480 520-545 Exciton EtOH — 0.50
Coumarin 153 585-555 Eastman EtOH 309 1,00
Rhodemine 110 550-575 Exciton EtOR 367 0.30
Rhodamine 6G 570-605 Sigma EtOH 479 1.20
Rhodamine B 595-630 Sigma EtOH 479 1,20
Cresyl 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 components of the two photon fluorescence

excitation apparatus,




41

GATWZF A e e T el e ey A S g

o s L

*5

b
T .
]

I

Veltg

i 2K Pulge Out
O
30 nr
0.0 ' L L
° 100ug 20044

.

- Figure 5. Cirzrcuit diagram of the device used to gemerate electromic |
pulses coinciding with the firing of the dye laser. Nangate is a |
cno0s4093., !
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current Electron Capture detector for .gas chromatography used in Dr,
Eric Grimsrud's lab. The author vishos to thank Berk Knighton for
snpplyln; information and discussions’ loadln; to the final de:i;n of
this circnit.

Fi;nte 6 shpvs 'Y dia;¥an of the pulse delay”circnit. Iﬁpnt is
ffton the pulse generator discussed above.  The cltcgit is essenéially
co-posed fo four -onostsble flip flops co-prisod of pairs of
handgatés. This pnlse is shortened, bdut tenains variable from 2
psec—-200 msoc thron;h resistors Ry and Ry. The output (pin 4 of IC1)
from tho first -onbftablo is shaped and bnffetod in IC4 (a TTL
buffer) and then ontpnt to the integrator -odnle (D in Figure 4).
This pulse is also inverted and fed into s second -onostable vhich
generates a pnlso (#1) rising at the end of tho first pllse and
fallin; 2 nsec to 200 msec later as set by R3 and Ry. O‘tPUt from
this, the second -onostable. is dirocted into the third set of gates,
on IC3, to provide a pulse (#3) which is dolayed by the dnration of '
pulse #2. The width of pﬁlse #3 is controlled by R;. Pulse #3 is
bnffe:ed and goes to the A/D converter to alert it that data is
available,

_ The iesét_pnlse (#4) for the integrator circnit is triggered by
the trailing edge of pulse #3. All pulses are TTL compatidble, o.g..
the logic states are +5 and 0. |

The quartz emveloped photdnnltipller tubes (?HTI and PNT2) are
‘used to measure the fluorescence of the sample (PNT1) and the
intensity of fluorescence from a Rhodamine B solutlpg (3g/1)

indirectly illuminated by the dye laser beam. Two different types of
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Figure 6, ‘Pulse shaping and delay circuitry. ICl = IC2 = I(C3 =
. CMOS4093, IC4 = CM0S4050,
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tubes were used in the experiment. PMNT2 was always an RCA IP28Q
operated from -300 to —600"volts. Gain in the photocurrent operited
at this ;oltage is 103 - 104. in adequate amount considering the
large number of photons impinging on the photocathode. The tube used
to measure twvo photon excited fluore:c;nco of the sample was either
1728, an EMI 95580B, or Hamamatsu R9SS. The EMI's gain is tvo
orders of -i.nitﬁde ;fenter than that of the 1P28QB and 1fs gi;ﬁal to
noise ratiq‘is -nch“;roator. |

Figure 7 shows the plug éonfi;uratioi and ontpuf circuiting for
a 1P28B photonﬁltiplior tube. You will note that the negative high
. voltn;e is droépgd évonly over the eight dynodes of thg PII. which
accelerates electrons toward the anode. From there curreat flows
throigh a1l meg h resistor (whose purpose is to spread out the rise
time of the pulse) them into an RC circuit. ‘The resistance and.
cupucitunce‘shdvn yield a time constant of 1073, Output si;hsls are
passed onto an amplifier.

Cf High voltage pover sippliesﬁ' Thysé are used fo provide high
voitn;e to PNT1 and PNT2., These supplies were very generously loaned
to us by the late Dr. Ray Woodriff and sre matching Fluke model 412B
0-2000 volt variable vifh selectable polarity, High voltage coaxial
cabl;s and BNC connectors were used to commect the power inpplies
with the PNT's.

D. Amplifier: A dual polarity, linear op-amp based amplifier
constructed by the author. Figure 8 shows a circuit dia;;a- of thic‘
device. S{gnnls from theiphototnbo are fed directly iato thebinpnts.

By use of the variable resistor inputs can be nitchod so that dark
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Q.»R, 22U

‘.Figure 7. Base plug and current to voltage convertin circuitry for a
' 1P28 photomultiplier tube. : '
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current from the pﬁototnbes are effectively subtracted. Resistors
l(§)4l(8) are selective vin‘un external switch so that a gain 6f 1-
830 §a; be obtained. All resistors are precise to 1 % and tye op—
amps are CMOS 3140: or 307. Two identicai anplifier cifcnits are
contained yithin the same box, so that signal; ftbn‘bqth PNT’s can be
pfocossed. o |

E. Gated integrator modules: Evans Associates of Berkeley,
.Caiifornia supplied us with two nodelrd130>devices which perform the
sot;icos 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
eiperinehtal conditions, signals are integrated for ca. 200 ps an4
held for 5-10 msec before being reset to await the next incoming
_pulse. Spoéiflgations'nnd citcint diagrams are available in the 1lad
of P.R. Callis. |
| PD;IIIOQ: A high speed. 16 bit conputef from Digital Equipment
Conpany (DEC); The processor is an PDPilIOS with 32K of RAN. The
processor was a ift from Dr. Nichael Schaer §f Computers Unlimited,
Billings, ﬁontana. and supports the RT11FB operatin; systenm, Th§
powver sﬁpply. housing (with 32 slot backplame), 16 bit bus and dual
8-inch floppy disk drives are from Charles Rivers Data Corporation.
The parallel interface board (64 biditecfional ports with
handshakini) is a DEC model DRV11-J and the serial int@rface is a DEC
nodel DL§11—J with 4 send/receive RS232 compatible porti and variable

baud rates (150 -_9600) for each port. Data from the experiments is




48

read into the computer thtéugh an4;nulog-to-digit31 (AID).convertet
(Data Translation iodel:762) and 1;‘uaed in our exp@tineﬁt: fﬁ alert
the computer that dutg is being ﬁcid on the gated into;¥ator iodule.
Each cﬁ;nnei 1i individually addiossahlo; however only ome channel
1 can bo toad on a ain;le conversion. , |
: Conttol of the PDP11/03 is from a DEC model VTIOO terminal

oporated at 9600 baud and 1ntetf.cod through port 3 of the DLV11-J,
Haxd copies of data can be obtainsd either by connectin; a lino
printot to port 2 of the DLVII-I or by passing tho data through port
0 ontp s hard viro connection to CP6, the campus computer system.
Detailsbof the computer dn-p haidvare ir; avuilablo.in the lab of P,
R. C‘llis.} | | S

‘Si1n532.3l3f stepping motors: iheso tﬁtee stepping motors are
u;ed to scan the dje laser, tnrn a glan‘pzisl polarizer and rotate a
shutter. SM1 is rated at 4.3 volts, 1.8 tlpalphaao. 40 oz. inch
torque and 200 step per rotation. SK2 and SM3 are idontical nnd
require 8 volts at 0.85 amps per phase and providog 200 steps per
revolution at 50 oz. in. torque.. Conﬁoctions between the motors and
the physical devices named above were constructed by Richatd Joqes
and/or nysolf..‘Tho shutter is controlled by direct drive, whereas
the prism is connectod.tﬁton;h gears aﬁd the d;e laset_bj a belt.

F. Stepping motor drivérs: Four separate bourdc were
constructed to provide sequenced pulses to the stepping motors (the
 fourth motor is connected to a small -onochro-ator).' Th;so boards

were designed by Timothy Aoki and the author and were duilt by -
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Timothy Aoki.vlichard Jones, Andrew Valkonbntg'lnd/or myself.
Circuit diagrams are available from P, R, Clllif. Coatrol of tﬁe
stepping motor drivers is switch selectahlerto manual or computer,
Under coiputer‘control, the desired ninbor of stopsr(sequence; of
pulses), the direction of stepping (fbrvardl:evet:e),ahd the stepper
notof 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 yotor's drivin; circuit,
Manual control is through a remote circuit attached directly to the
motor's driving cifcuit. |

All de;ection and control cltcuits.aro isolated from the jround '
of the Ny laser. Signals and control pulses are relayed between
'device;_vith doaxlal cables and BNC connectors. Power supplies for

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

myself.

Software

Several programs were writtea to provide control over
instrumentation data collection and Qata processing. A program

called SPEC was written in fortran and performs the following

functions:
1. Reads in dsta collected’on the A/D coaverter.
- 2. Sends pulses to the appropriate stepping -otor; and keeps
track of the position or state of these devices.

3. Averages the aiinals from PNTs and subtracts dark curreat

from same,
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4., Vrites gathered data to disk files.

Docu-ontatibn and copies of this program are available in the lad of
P. R. Callis.

A terminal control program was obtained from Paula Fischer (MSU
Physics Departient) which dumps files from the PnPll to the campus
Honeywell couputorvthrough the DLV11-J interface. This program was
used éxtensively to transfer data so that manipulations and ;;aphs
could be nad;.‘ It is written in Macro and can be obtained in the lad
of P. R. Callis. |

In order to fit the separate two pﬁofon excitation curves
segments togethor, a program was written in fortran called CURVE.
This program can be ;xecnted 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 opticai atranjonent’used a majority of tho‘tino
experinontaily is presented in Figure 9. Described below are each '
component comprising the apparatus,

A. Double-convex lens: A li.G ?n focal ion;th donblo-convgx
~ lens with antireflective coating mounted on an x translutlble'stage.
This lens is us;d to gather the dye lasor.light and focus if to a
point. |

B..‘Focal length leﬁs: A2S cm focalblength leni §outed and

mounted in the same manner as A, The x translatable stage is used to
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Dye Laser

N5 Laser

Figure 9. Arrangement of optics used in the two photon fluorescence

qxcitation apparatus,
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poaition this lens one focal distance away from the focal point of»
lona A reaultin; in a oolnnatod output beanm. |
C. Neutral donaity filter: Four 2' by 2’ filtora were
purohaaod fron ioiyn Optioa and had transmissions ranging from 9% -
50%. These filtora vere'-ovoo into tneilignt beam to ohook tho
quadratio depondonoo of tho sample tvo photon absorption on light -

intenaity. When data was being taken, the tho filter was ro-ovod

" from the beam path,

D. Glan—laaor polari:or'v Thia polariaor was used to convert

the laaer light to all linearly polari:od photona. It was nonntod on ’

'y atepping motor so that its oriontation could be variod fro- 90°,
relative to the bench top. to 45° in a qnick. roprodncible faahion.

E. Froanel Rhonb. This dovico was mounted on a ;onio-oter head
ao that it'oonld be poaitionod very prociaoly:ano was used to-prodnoo
circnlarly polariaod li;ht. Yhen tho incident beam is polarizod 90°¢
to any aido of the Rhombd, tho ont;oing boan retaina tho same
polarization. Bovover. if tho inco-in; boan ia polariaod 45‘ to the
Rho-b baao. circnlarly polarizod light raanlta.

F‘, Focuaing lens: A 18 cm focal diatanco double convex lona.‘

2.5 inches in dianoter was used to focus the columated laser light

onto the aanplo. In order to test whether aa-plo emission resulted

from two pioton absorption, the focal point of the lena was moved in‘

and out of the aolntion;
Gi"Salplo oell and co-part-ont' Teflon atopporod 48 mm hoight
by 12 5 am len;th by 12. 5 na width fnaod ailica flnoroaconco oella

were naed to oontain aa-plea. The ooll holder was -onntod within s




53

box which also confainod a 1P28B photoiultiplier. 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 pnrposé.

I, Rof@renco cells: Four plastic disposable absorptio# cells
were filled with Rhodamine B solution (3 g/1) and taped onto the
| light entrance of the rofér;née PNT housing. The diffused laser
light was absorbed by the Rhodamire B solutiom ana emitted at a
constant wavelenght which, in tura, struck the PMT photocathode.

J. Light filters: Quartz plate filters were pﬁrchated from
Rolyn Optics and were CS-7-54-9863 UV transnittlnj. To further
filter the light reaching PNT2, a 1 cm X 4 cm X 4.6 cm quartz cell
was filled with NiSO, solution and placed in the o-issiog path.

K. Fluorescence monochromator: In order to measure two photon
excited fluorescence spectra, the fluorescence monochromator of the
analog instrument de;cribed oarlier was plaéoﬁ in the cpnfignrition
‘shovn in Figure 9. The 9558QB PNT was attached to the exit slits to
measure sample flnorgscdnce,.

The mounts for the optics and devices described ibove'vere built
by either the personnel of the Physics machine shoﬁ. 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 takenm to

reduce building vibrations at the optical surface.

Experimental Procedure

Samples were mixed in 50 ml ground ;lass_stoppdred volumetric
flasks., Benzimidazole solutions were ‘0.2 molar in a 1:1 mixture of
cyclohexaneiand isopropanol.,  Absorption und,fluorescgnce
measurements v;re taken pf dilute ca-ples‘of these mixtures to check
their purity. | , '

Approxi-ately 5 ml of each sample wvas transferfed to13X13 X
48 ml fused silica cell; and sealed with teflon stoppers. The
samples were then excifod. 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 fhe tuning range of
each dfe to insure that it varied as the square of the laser
intensity. Since the fanje 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 tha? scattered light surrounding
the beam was eliminated and that the 1ight reaching the sample was of
high quality. The data’;athered from each dye was written to the
PDP11 disk, then transferred via a hard wire couple to the campus
Honeywell 66 computer,

'henvtho~desited_vavelen;th ran;e had been covered, the curve

segmonts were fit together by use of the program CURVE (described
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nﬁovo) which requires visual inspection (on a Tektronics 4010 CRT)
and user issued commands to scale the cirve segments relative to each
other, When tlie spectrui was completely assembled, a hard copy vwas
produced on the Calcomp plotter. |

T6 checi whether our equipment and methods provide a true TPA
specttnﬁ. excitation of benzene’s L, band vub determined using the
above equipment and procedures. Figure 10 displays the results 'of
this first afte-pt. These rosults are identical in wﬁelength and
intensity to those kim.lly sent to us by» Thomas Scott, a former

graduate studeant of A, Albrecht at Cormell University.
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POLARIZED FLUORESCENCE OF 5-METHYLCYTOSINE

Results

Figure 11 shows the' absorption and corrected fluorescence
spectra for S—methylcytosine cuti;n (SMCY), 3NC and S--ethylcytoyino
snion (SNC”) at pH's of 1.8, 7.5 and 14;0. respectively. In related
experiments, the shift fronieafion to neutral speciation and thaf of
neutral to anion vo.ro observed in the pH ranges of 4-6 and 11-13,
re‘spectivoly. This is in agreement with the pl. of 4.6 and 12,4
~reported for Sl(C.by Shngar. and Fox (52), Tai:le 2 shovws onr‘
experimental and calculated tosn@t: for the three species of SMNC,
You will not§ that the §¢'s for SHC™ and SMC are very low at 3 x10°¢
and 5 X 1074 but that the sanion fluoresces 30 to 50 times -o;o"
strongly., Since the polurvintion ratio of flnorqlconco ivs‘ inversely
related to Qf. SI(C_'shovs a much more dex;»c:rl‘tti:edr spectrum (Iy/Ig =
1.04) at room tenﬁutire than its neutral (Iy/Ig = 1.4) and cation
(Iy/1Ig --1.69) counterparts. At low temperature (-100°C), all three
display high polarintipn rvatios in acco_x'dn;co"ith strongly allowed
electronic transitions, |

Lifetimes, either éalcnlatod or o?po:inontal. are also showva in
Table 2. Radiafive lifeti-ofivero calcilatod by the Stickior-Bor;

method ‘(3). e.§. by integrating the area under the f:lt.st absorption

band, and were found to be about 10 ns for each species.




B >
-
10 n

— zZ

) =y

£ Z

< 8f

° O

& Z

G O

,i':’ 6 n

= L)

0 >

Q4 am

X -.

w : Y
1/ =
2f+ Y 3

/e L ul

L . o
L1 I I I I T R AN T |
250 . 300 nm 350 400

Figure 11, Absorptlon and fluorescence of SMCT (—-), SMC (—) and 5MC” (--<) in room temperature
aqueous solution.



59

Table 2. Polarizations at room temperature and in low temperature
glasses, fluorescence yields, computed radiative lifetimes
and calculated rotational corrolution tines for 5- »
methylcytosine species, o -

suc* SMC | suc”
Iy/Tg (2930 1.69 & .001 1.40 + .01 1.04 + .01
Iv°/1no (180K) “‘ 1.79 ¢ .01 1i.7s'¢V.o1 | 1.70 3 .01
P (293D 256 + 003 167+ .003  .020 & .003
P, (1800 283 & .003 273 % .003 .260 + .003
g/t 0.1+ .02 0.58 + .06 1214
¢, x 104 (293) 3+.5 - 521 140 + 10
o8 ne 7.7 101 11 +1
5B gy . 22 £ 10 9+4 - 11.5:3
35 ps B 2 + 0.5 521 140 # 10
stick o, ) 40 | 40 40

Fluorescenco lifetiles (tf) are also shovn and wvere calculated by use

of the fornula
Te= Tl | o ono

- From this data, experimental polarizations and the Perrin equation
(60) (see equation 1), 'ESB were dotermined and found to bo'abbut 2-4
times faster than those calculated by sticking hydrodynanici. Values

for the ratios 'f"c vere obtained from the messured polarizations

and the Perrin equation,
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Figure 12 shows a plﬁt of log qunntin yield and polarization
ratio versus pH for SNC., Curvature is seen in both sets of data near
the reporfed p!.'s of 4.6 and 124, indicative that t'o:different
fluoigscin; species e;istin; in equilibrium are preseant in those
“reglons, fhe s0lid curves seen in this plot were éalenlnted from the
reported pKk,’'s and molar extinction coefficients and tﬁe data in
Table 2. Quantum yields and polarization data presented here are in

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

Conventions and Theory

Polarization ratios (N) can be obtained in several different
"manners, The two most jopul:r methods are to position a poltfizer
botveeﬁkthe light source and sample and either measure the resultant
fluorescence intensity with or without a polarizer in frpnt of the
analyzing monochromator. These two methods are roughly equilvalents
in that polarization ratios (N = Iv/in) and polarizations {P = (Iy -
IHi/(IV + Ip)} found by use of a single polarizer can easily be
translated to those values expected from use of two poltrizgrs by the
expression Py = (N; = 1)/(Ny). One polarizer was used in all the
experinénts reported here.

Rotational correlation times for a sphere with solvent sticking

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

equation

estick o qy/pr | [11]

where n is the viscosity and V is the molecular volume of a sphere.
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~We used a slightly different form of this equation which takes into
account the molecular geometry in finding t:ti°k (62). SNC 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 planme,
respectively. lolecuiar‘voln-es were found by summing the Van der
Waals increments (63). A value of 118 %3 vas found for 5KC vhilo
that found by assuming an oblate ellipsoid is 117 13, An average
f:tick value of 40 ps was obtained for SMC by use of these methods.

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

Disgussion '

‘As can be seen in Table 2, ,:tick and tcsn values found in this

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

f:tick vulnes are an upper limit of the rotational diffusion times

and t§B is probnbly a lower limit (5). This also implies that t;tick
is 2-4 times lon;er than t§3. s result which is in agreement with the
work donme 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 om their

part, intorprotation procedures. They state that th is ca. 50 times

stick

f.stez than T, , an order of magnitude greater than the difference

calculated in this work. Using their value of vSB = ¢3tick;so = 085
and a value of 0.58 for the ratio vg/v,, yields tp = .45 ps, a factor
of 9 faster than th which is assumed to be an upper limit for SMC.

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

of 1/P vi, & for SMC where pH conditions were changed under the
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assumptions that t, for 5MC was changing with pH and that v, is given

by
‘ 1
SB slope
T, = To 11 [12]
Pt 3

-

This equation is only vaiid‘for ; ;ingle Qﬁittin; species. In the
experiments performed ia our llb; the results of which are seen in
Figure 12, ve were only able to chaggo‘the éf of S5MC solutions by
ihtrod;;in; cation ;r anioﬁ fluorescence. Sincg obviously the Qf and
‘tg of neptr‘l sic do nof ?hlnie. léigan and Daniels‘interp:otatidﬁ is

inappropriate,

In 1952, Veber (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 is given
by‘

L, 3,

(
1 1

Poi 3
+ =
P 3
IEREEE . Z(fi)

[13]

where

I
2

and I; is the total fluorescence intensity emitted fy the ith species

£, - [14]

at the exciting vaveien;th chosen.

-
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If there is a wavelength of excitation where the I;'s are in the
samé proportion as the integrated fluorescence intonsities, then the

following equation is valid,

X.é X:é,
| 19 i% .
£, = - , [15]

e,

where Ii is the fraction of light absorbed ﬁy the ith species, ‘i is

the quantum yield of the ith species and éTOT is the apﬁareng quantum
yield of the solution, l

The exciting wavelength meeting the above criteria for 5MC and
SMC™ is 355 nn.r’We deduced this after all our experiments were
complete, however, so all the polarization work was done at 345 am.
This has only a negligible effect on our results, .

We can rewrite the Perrin equation by introducing eqnations 12

and 13 to get

1 1 ‘TOT

+ = - ‘ ’ [16]
P 3
2 xi‘i
: <
( 1 + —;-)(1 + f1 )

Poi Tei.

A

where Poi is the limiting polarization of the ith species, Tgy is the
fluorescence lifetime of the ith species and Ted is fhe rotational
correlation time of the ith species. Rewriting equation 16 for SNC

and SMC™ and letting T, /t ., = Ra, Ten/Ten = BRn, where the
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inbscript: denote the anion and neutral, respectively, we obtain,

1 +V"1 - ‘ ' o xa‘a + xn‘n
P 3
1.0, 1.4,
+
1 1 1 o |
( + —)(1 + Ra) ( + —)(1 + Rn)
Poa 3 on . 3

[171

If we substitute X, =1-3X, and take the derivative of éqnation 9
with respect to §, we find that the slope in the limit of small X, of

s 1/P vs. & plot is given by

slope = ‘a - ‘n
' 1 1 _ T 1+Bn) 1+Ra 1 +Rn
(W —y - LTI 12 =
o % ¢a - o :
: (181

where Po and v, are the same for both species. If we let Z be oqgal

to the terms encldsed in brackets and solve for T, we obtain

- -SB slope - 1 :
Te = %o 4088 (191
f

vhero.theiz vnlulo was found to vary slowly from 0.9 to 0.95 at u;lln
anion concénfraf;ons; From oqﬁation 19‘v6 can see that the lineaf
vqriation Morgan and Daniels found for “ of SNC was nbrely an
unfortunate coincidence.

Fiinro 13 shows a plot of 1/P ws. 02”8. The boxed in . area in

the lower left hand side of the graph indicates the region stuﬁied by
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Morgan and‘Daniels (6). The slope in this area 1; ca. 104 vhich is
iﬁﬂuitéénent.vi£h that f§und sy fho abov; uutﬁors (6); However,
using éqnation 19 we find tcuf 13 Ps, is‘co-patod to ;.7 Ps oftuined
by use Af eduﬁtion iz. K -

You shonld also note that tie experimental points in Figure 13
become ‘increasingly non—linear as more anion is introduced. - The
‘dashed curves in Figﬁto 13 were produced from equation 16 using the
values of ty reported in Table 1 and T, = 10 ns for both the anion
and cation, ‘VIIBOS for v, of 11 ps and.14 ps for 5MC and 5NC™ were
used to oﬁtain the lower curve while t; = 7 pa and 9 ps yielded the
upper line. Vslues taken from this graph are in very good agreement
with those presented in Table 1,

Con-en; shoﬁld 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 ng for SMC* was found to be about twice that for
. SMC and Slé', which is not unlikely since it is probabdbly iore hlihly
solvated. However, this fact coupled vith'the'sli;htly highet'
polarization and lovét ‘f plucé: it directly on a line passing
through fhe first five points. ‘

Lastly, it should be bointed out that P, vaI;Qs used in
ébtaining v, Values above vere from low temperature-viscous glass
experiments, These are somewhat below the tﬁooretical maximum of
0.333. Hoiever. experiments in our lab have never obtained this hizy
value, Albrecht (65) pointed out that thére is some intrinsic

depolarization in molecular fluorescence even at very short times
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after excitation, so we felt it appropriate to use the expefilental
P, values. If 0.333 had been used, v, would be 5.5 ¥ 1 and 7.7%1

ps‘for SMC and 5MC+. respectively.

Conclusion
It was shown that the fluorescencé lifetime of 5MC does not vary
vith pH as previonsly reported (6) and that changes in ‘f of SMC can
only be affected by introducing snall a-ounts of its cationm or '
nenttal forl. Using 'eber s (64) eqnation and the Strickler-Berg
method (3). we have found that tSB values for SNC and SNC™ differ by |
s fnctor of ca. 4 from those predicted by sticking hydtodynanics.
I .ddition, it was found that SNC* appears to rotationmally
‘diffnse twice as slowly as the neutral and anion species. This is

thought to be a consequence of this charged molecules more tightly

boﬁnd hidrutibn sphefe{
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WAVELENGTH DEPENDENT QUANTUM YIELDS OF SHC. CYTIDINE AND THYMINE

Results and ﬁiscussion

Tautomers |

Unlikq‘in the case of adénineVand guanine, no'sinjlo tautomer
exists which can feadily be blamed for causing the e;cit:tion bnegjy
dependent Of‘of cytosine, Although more than ten taito-ers and
conformers cai be written for cytosine, only a few have actually been
characterized in experiments. Six of these tautomers are pictured in -
Figure }4. yo see thnf two of the structures shown in this figure
are in the iiino - kefo form (I and II), ome is shown as an imino -
keto (IIi). two are pictnred as imino - enol tautomers (IV and V)‘and
the last 1srseen to be an amino - enol (VI). Structures I and II and
molecules IV and V only differ by the placement of tﬁe ring hydrogen
(from N(1)H —)> N(3)H). [Early research (66) has shown that cytosine
oxists as structure I s -ajority of the tino in aqueous solutions
vhile 1t has been asserted that structure VI is -ost 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 betwveen tautomeric forms of cytosime. A survey of the
current literature will be presented here along with a fnrthgr
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 Gaussian basis 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 * RELATIVE ENERGY IONIZATION POTENTIAL

(Hartree) (kcal/mol) ~ (eV)

v -387.4784 - o 41,42 - : 5,45
\'f -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,ehenld‘note @hef these resnlte predict_etrueturelvl to‘be the
most stable tautomer as an 1seletee molecule, 1i.c. in_the iee pheee
~at low preeeere. fentonere I and II»appeee to be -nehi;ee: _7
favorable, v}th 'y AH‘of”11.73'end 23.70, respectively, vith the
enerzies of’structnree III. Y and VI'lyin; even iigher in ener'y..
These reeult: are more or leee those expected for low pressure ;ee
phe:e‘e;perinenter‘ Po:sibly. the eronatic chereeter of ettnctnre VI
could p;oyide edged stability in the absence of any eolute-solgte or
eolute-:olyent interaction. In aqueous solution, this teuto-er;night
likewise be‘expeeted to»be the leeet‘fevoreble due to its lack of
solvation energy. .The relative ordering of the remaining five.
tentomere energie: venld be expected to re-ein intact in moving from
the i:oleted nolecule to that of the :olveted molecule case jud;ing

fro- the sinilerity of their solvetion sitee.
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In a more recent study by Czcinirrski, Lesyng and Pohorille (68)
using the semi-empirical MNDO/3 method, structure I st found to be
lovest in emergy, followed by tautomers II (AH = 3.7 kcal/mol), III
(AH = 4.7 kéal/-ol). VI (AH = 8.9 kcal/mol), V (AH = 19.2 kcal/mol)
and IV (AH = 20.0 kcal/mol). " These authors eanOyod‘co-plete ‘
geometry optimization vhi?h ocould acéonnt fﬁr sbné of the differences
found between this work and that qf Goddard, et. al. (67). Asaﬁnin;
no large chsng;s iniéntropy; tautomers IV - VI would possess Ky's on
the order of 1076 to 10-15, assuring that their occurrence in aqueous
solution would be rare indeed.

Yu, Peng, Akiyana, Lin and Lebreton (69) performed a UVA“
photoel;ctron spectroscopic invest;;ation‘of cyto:ing and various
methyl sub;titutedvcytos;nos in vhich CNDO/S calculations were

,e-ployed‘in correlating spegtroscopic data. These authors found thlt
the CNDO/S generated molecular o:bitlls of tnuto;gr I were in_
excellent gxreenent with the photoe!ectron spectrum of cytosine.
CNDO/S calculations of thg amino-oxo forms of 1-methylcytosine, N‘,l-
dinethylcytosine._N4-N4—d1nethylcytosine, 1,5~ dimethylcytosine, 1,6-
methylcytosine, S-methylcytosine and 6-methylcytosine were found to
give the best fit to experimentally obtain&d w photoelgctron specotra
of these molecules,

Onlybscant direct experimental information has beei gathered”on
the tautomerism of cytosine., Barber and Marsh (70) have'obt;rved
that 1(K)cyto§ino is predominant in the crystal ;orn. Abstndy by
Bensaude, Dreyfni. Podin and Dubols (71) provides the oily other

available tautomeric information on cytosine. These authois have
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utilized temperature jump kiietic expoeriments in o;der.to

| charucterize'th; ther-odjnnnic (AH) and kinetic (IT) béhavior of
cytosine tautomers, They‘ostinato by use ;f temperature jump
eiperi-ents aloﬁg with UV and IR spectréscopyrbn nothylgtéd cytosines

that the equilibrium constants for the reactions

I(B)cytoyine > 3(B)cytosine 1201

KT :
> 1.3(3)-innocytosine [21]

‘I(H)cytosino

-are 1,3 X 10'3 and 2 X 10713, :ospoctivoly. that the AB for reaction
20 is 3.2 E: .6 kcal/nol and further conclnde that the lifeti-e of
inino—cytosine is 3 X 10~6 seconds.

Several asuthors have circnnvented the 1nhoront difficulties §f
investigating cytosino tantonorisn by, instoad. rosoarchin; the
possible tauto-eric for-s of cytidine, This molecule hai only three
possible structures (oxclndin; movement or addition of protons on

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

Hp NH

QJ ]|
7 Hy

[22]
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h Sfroetnre i; yhich is reneredly'oooceded to.oe predorinent in
agueous solutions, is merely cytosine ;ith a ribose ring substituted
for the N1 proton. As hre'been discussed ebove. thde replece-enf
ehoold oniy introdooe e.e-ellvcﬁen;e in the.propertiee of oytoeine.
Indeed oytidine s ABS ie very ei-iler to that of cytosine and the pk
velnes of the two (4 6 end 12. 4 for cytosine. 4.1 and 12.4 for
cytidine) oorreepond very oloeely. From this point onward, the
preeent enthor vill coneider trends 1n oytoeine s and eytidine s
phyeieel end photophyeicel propertiee to bo interehen;eeble.

One of the most thorough experinentel inveeti;etione of the
cytidine tautomer end also the most applieeble to the fluoreeoenee
epectroeeopy of oytidine tento-ers. was perforned by v1pond. et. al.
(12). In order to esteblieh the -ejor teutonerio for- of eytidine
found in neutrel agueous eolntion, o absorption epectre of cytidine,

N‘-di-ethylcytidine (repreeentetive of struoture I), and 3-
methylcytidine (II) vere teken. An attempt to obtein epectrel
infor-etion for etrnctnre III (-iiicked by 1°-ethy1-2--ethoxy-4°
1-1no-pyrimid1ne) feiled due to this -oleonle e tendency to repidly
hydrolyze to form l-nethylcytosine in baeic equeoue eolution. Thus
eli-inetina structure III, the enthors find that 3°lethy1cytid1ne'e
(SICD) ebeorption curve doee not in the leest reee-ble thet of
cytidine while that of N N—dinethylcytidlne oorreletee very cloeoly
with thet of the nueleotide. From this and the !eot that structures

II and III have pxe s in excess of 9 0. cytidine s e-ino forl (1) ie
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assumed to be the major tautomeric structure found in aqueous
solution, ’

Tautomerism was first investigated as a source for thymine's
wavelength of excitation depéndont ‘f (2). Figure 15 shows the six
tautomers that can be drain from thynin@': generalvsttuctnre.' Gerdic»
.(73) established that structure I is ptedo-ina;t in tho oryf}a1 form
frog x-ray cfystallo;raphic data. |

In later work (7), absorption and luminescence data vsk
collected for thymine and aome closeiy relatbd‘pyri-idino dorivatives
in EGY at 77K. Uracil and thymine were reported to displaf no
emissive character at room temperature in aqueous solution in
contrast to EGW at 77K where both were seen to fluoresce oniy. When
conpariions were made 'ifh 1,3-dimethyluracil (DIU). 2.4-‘
ainefhoxypyrinidine (DHP)'and 4-ethoxy-2-pyrimidine (EP), thymine and
uracil were concluded to beﬁave 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 EG!. DNU (structﬁre I, lactam
only) did not luminesce at 298K and only a weak fluorescence was ieen
in low fe-poratnro glass indicatin; that uracil (and thymine) must
exist in tautomeric form I with the implication that tautomers III,"
IV and VI are unlikely challengers for the minor species responsible
for thymine’s fluorescence.

In slight disagreement vith the above results is a more recent
;oport'on the room temperature luminescence s#d tautomerism of

thymine in aqueous solution. Two tautomers are contended to be



76

Figure 15. Structures of six of the possidble thymine tautomers.
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responsible for the molecule’s apparent luminescence, one
nonfluorescent species with a measurable triflet yield and another
ninﬁr species possessihg : quantum yield of 2.5 X 1074 at 293K in
neutral bpffer (17). A curve resolving rontin; is excercised in
order to fit two b;nds representing those required abov§ into
thymine’s ABS spectrum, a process not unlike ;olvin; a single
equation containing two unknown variables. The-inthOt cdnelndes that
the diketo tautomer (sttuctnr§ I) and the lactim species (structure
III) corr§spond to the nonfluorescent lajét form and the minor
'finoresceﬁt species, respectively. A later report has shown that
thyiine'i 4uantnn yield is independent of the wavelength of
excitation in aqueous solution at 298‘ (19). Thi; rosnlf has been
confirmed by a subsequent 1nvestigitor (18).and thus, thymine
.tauton;rié studies at 300K have lost}noit of their attraction.

The fact remained, however, that thymine's FES and Aﬁs dp not
coincide in low temperature neutral EGW ;lasies. The phengneﬁn was
once agsin addressed in i980'by Kogan and Becker (39) as they
examined the ABS, FES and fluorescence properties of thymine, uracil,
thymidine, dimethylthymidine and dimethyluracil in ethlnol-ioth;nol
(3:1 by weight) and in 2¥nethy1-tetrahydrofuran (ITHF? at 77K, They
concluded that all observed luminescence is intrinsic to the major
tautomeric form (diketo,;tructnre I) for each of the five pyrimidine

derivatives under consideration.
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Competitive Deactivational Pathways

A third possible explanation for the 'evelenrth of excitation
dependent quantum yields has been proposed by Weber and Teal (74) and
involves competition between nonradiative deactivational petﬁveye
either within the sin;let -enifold or betveen the singlet and triplet
stetes vith vibretlonel relexation. vhich vould be vloletlons of
Verilov's lew (15) Thle lev states that ell retee of nolecnler
relexation are elov conpered to vibretionel cescede. Coineidence of
flnoreecence excitetion and ebsorption curves rely heevily npon thie
lew, since if the rate constants for fluorescence (kf), 1ntern.1
convereion (kic)’ intereysten croeein; (ki,°) and vibretionel |
relexetion (kvr) were conpetitive. one could just as easily talk of
quantum yield curves ineteed of velnee.

Given below is a kinetic representation of the reaction

ko
Me

> M + E -  [23]

where M* is the excited molecule, N is the ;ropnd state lolecnle and
E is ener;y. This equation can be expanded to contain all the rete

conetente diecneeed above.

Me(Sv)

L5 Me(s1) + E [24]

, . - M(So) + R’
k ki
15, we(11) , [25]

kp .

"Me*(S1)

}l(So) f h“b
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ke '
M*(S1) ——> M(So) + hvg C [26]

Ne(S1) ——3 M(So) + E 1271

Equation 24 is vibrational releietion from upper vibrational
states to the ground vibrational level of the first excited state,
- equation 25 is intersystem crossing followed by internal conversion
or phospﬁoreseenee; equation 26 repteseets flnoreecenee and equation
21‘13 1nternli convef:ion‘fro- 81 to So; Under eoest:nt illumination
essnnin; anilov s lnw is valid, e.3. kvr )) k¢, kjo and kiee' the
tete deternining eteps are 25, 26 and 21 end the quantum yield for

eny process is a constant givem by equation 28,

[28]

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

be written
¢, =1 '
2 ‘1 | N - [29]

Equetions 28 and 29 ere alvays true for>any given veveien;th of
excitation, It can readily be seen ftOl these eqnations that the~
only way ener;y dependent qnentnn yields can be obtained is if one or

more of the rete constants very vith enetzy above the 0-0 trantition.
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Therefore, the constants must not only be on the same order as k . in
magnitude, but also must increase at vibration modes above the

'zéroofh. Under these circumstances, oqnafion 28 could be rewritten

i o
- o [30]

Bonifide viol;tions of Vavilov's lav iro quite common in gas
phase. isolated molecule experiments (36) and in fact, pyrimidine,

. th§ parent compound pf uracil, thynino and cytosine exhibit
wavelength of excitation dependent quantum yields when viewed under
these ciréu-stances‘(37). |

Values of ¢, hav; been reported for thymine (76) in aqueous
iolution and it seems that its vaiuo is also dependent on wavelength
of eicitation; increasing by a factor §f iour as excitatiqn energy is
incréised‘abOvo the 0 — 0 into the first absorptiop band. These
authéft have invoked aﬁ atguniﬁt which suggests that a violation of
Vaviiov’s iaw is responsible for this phenomena. Brown and Johas
(17) have also noted that fho yield df uracil photodimer is dependent
on ;aVQIthfh. -

Vibrltionai relaxation rates have been estimated to be on the
order of 10712 roondivaﬁd‘values foi'kf have been caicnlutod by use
of the Stickler-Berg equation (3) to be ‘1.4 X 108 sec™1 and ca. 1.0 X
168 sec”! :or SKC aﬁd fhy-ino. respectively. Here it is assun@d that
touisvéonstant in going from room tonpofature aqueous solution to low

temperature EGY glass. Quantum yields of SMC aid thymine are found
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to be ca. 05’end‘062-1n low tenperetnfe glass when excitini at the
ebeorption neximnn. From this infornetion. and from eeti-eting ‘iec
for the molecules to be near 10~ 3. we can use equation 28 to derive
values of k;, end kjgc Yhich are on the order of 1011 gec™1 and 108
secl, respectively for both eeleenlee; -

One would expect to find smaller velnee of kic in low
tenperetnre ;leee versus room te-yereture eqneous eolntion due to the
ler;e dependency ehovn in the quentul yields of thymine end SNC on
fhe tenyereture of eolution.

9“ comparison, k,; . is seen to be approximately 104 smaller than
kyp 8B ebeervetien which tends to exclnde'conpetifien between these

two rate constants as being the source of nomcoincidence ii the

action and absorption spectrum of thymine or SMC.

Turning to k., we sec that this rate conetent‘ie only onevordet
of magnitude less than 1012, an approximate value for ky, and, given that the
values seen here are probably no better than i 50% accurate, it is
quite likely that the two are nearly equal.

Assuming that the above is true, e.g5. kj, ~ kvr and that k;,
increases with excitation energy, the following luminescence
propertieevcould be expected from SMC or thymine eolntione:“l)
Quantum yields of fluorescence and phosphorescence which decrease
vith increasing excitation wavelength, 2) An increase in the enmergy
dependence of quantum yields as temperature ihcteeeee. 3) Slight
increases in the polarization ratios as the excitation is varied

across the band.
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Fi;ureA 16 shows-the absorption gnd phosphorescence excitation
spectrum of 5MC at pH 9.0 in EGY at 140K. The phosphorescence
excitation can be seen to perfectly fit fho absorption to vitﬁin
experi;ental error. Thymine is not known to exhibit phosphorescence

in neutral solution, but it seems abundantly clear that 5SNC's 0: and

¢

p 8TC not both functions of excitation wavelength.

As to hypothesis 2, that the quantum yield will show even
greater energy dependence at ii;her temperatures, recoent results have -
shown that th§ only way red-shifted FES’'s can be obtained for the
bases at 300K is through tautomerism (18,19,20). And, finally; the
polari;ation ratios of SMC and thymine are high and constant

throughout both their excitation and fluorescence curves.

Local Heating

SMC's fluorescence intentikty in neutral EGV glass as a functioa
of tenpefature in th§ region 100K - 203K it graphed in Figure ~11. An
increase of only a factor of 15 is apparent in going from 293K to
152k, hoievor, as the te-pe‘ra.ture is lowered an additional 40K, 5SNC's
fluorescence intensity becomes 2 orders of.-agnithde greater than
that vieved at room temperature. In additional expe:i-ent;. ithe
ln-ineuenc'e wvas found to increase steadily to around 105K at which
point, it flattened out and remained nurly»consta‘nt toA 77K. it
should bo‘noted that similar behuvioi was exhibited by SNC fn EM
‘glass, |

The series of absorption and oxcititioh curves showa in f’i;n:e

18 are from neutral EGW glass at various temperatures. At 203K, the
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excitation of SMC is seen to neariy coincide with its corresponding
absorption., Any error is probably oxporinontilly inducod.due to the
low signal to noise ratio at this low signal intensity. No
difference was found between the excitation at 293K and that at 178K,
though the temperature is 95"lover and the quantum yiolq is an order
of -ajnitnde stronger, The spectrum from SNC in EGW at 178K,
however, shows a significant amount of-:ed—?hiftin; on the logding
edge frén those at the higher to-poratires. Also, it's minimum has
deepened and moved 3 to 5 nm to hi;her‘enor;y; In co-parison, fhe
FES at 163K shows an even greater shift on the red odge and it's

minimum is seen to be further deepened and blue shifted. Results

from ;48[Iare identical to those from 163K, indicating that the

shiftiﬁ; piocess has been completely affected within the tonporntur§

range of 198 - 163K,

levidvin; Figure 17, we see that the greatest chai;e in
fluorescence intensity occurs over the te-pératnr; intorval.of 152 -
110K, :That the wavelength dependence in SNC's 0: is 1ntroduced‘;n
the range of 198 ~ 163K would not be surprising considering the‘

present theory and experimental parameters. A1l the intensity values

in Figure 17 were measured under 270 nm excitation which providé:

more than 3500 cm~1 energy in excess of that required to excite the 0

- 0 band.
In the last section, the formuls for quantum yields as a
function of rate constants wss presented (see equation 28). If we

assume that k; . 3> k;.., kpo then we can rewrite this 6qnation as
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ke
& = —— [31]
f
kje * k¢
which simplifies the relationship greatly., If we fu:th§£ assume that
kf as calculated by the Strickler—-Berg relntionahip is constant with

temperature, we can rearrange equation 31, taking the log of both

sides to yield

1n ( 0f - kg) = 1a(k;,) [32]

Figure 19 shows a plbt of 1a kic versus inverse to;peratute
produced from the data of Figure 17.‘ These resnits could suggest
that two differont mechanisms are respoisiﬁle for the vaiittion of
5NC's éf with tenpeutuie. one being dominant at higher tenpeutnxe_i ’
and the other at low temperatures, IF ihonld be pointed out that
this gr;ph is not expécted to be linear, since solvent viscosity'is
»alsb reported to play an i-portgnt role in the increase ;f the DNA
base’'s quantum yield with temperature (24).

From the sbove graphs and discussion, it ctn.qnite qasily 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 ;ould result,
Observitions and exﬁerinental facts which tend to exclude local

heating as being the source of wavelength dependent ‘f!s lre:‘_l)

Thymine and SMC show vnyelength depohdent 0f at 77K, a toipatatnrc at

which the quantum yield is almost independent of temperature change,
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2) Xogan and Becker found that thymime, though highiy sensitive to
temperature in its fluorescence inteﬁsity. did not display a red
sh:lfted‘exoitlhtic’m spectrum 11; EM, 3) 5NC's cation, which exhibits -
an even greater temperature dependence in its quantum yield and has
constants véry similar to-tho neutral éor-. does not possess a

wavelength dependeht quantum yield.

"Solvent Effects

Thymine. In Figure 20 is shown the fluorescence excitation and
absorption spdctrum of thymine 1n‘Ei glass at 123Kk, Comparison of
thgce results vith those displnyed in Figure 21 tevegls that the ABS
-axiiu for thymine occurs at the same wavelength in both glasses,
but that the peak of the excitation curve is al-ost'coincident with
absorption 1n.El whereas in EGW, it is not. We also see tﬁnt. in the
cise of EM solvent, the entire excitation spectrum of thymine is only
a couple of nanometers red-shifted fr;:- 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,

Fntthe: experiients by us have produced much ;he same results.
On further reducing the EN solution temperature to -100K, thymine
showed only slightly better agreement between the lbsorftion and
fluorescence excitation, 'hicﬁ is probab‘ly due to the increase in

‘ -

signal to noise ratio. This a;tee-ent seemed to be insensitive to

the method of sample preparation, contrary to the findings for SNC
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which vill be discussed later.. The sli;ht -isnatch in the FES lnd
ABS of thymine could be due to oxporinental error.

As was pointed out ‘earlier, !b;an and Beckor (39) found mno
_ dopendence in tho qnantnn yields of thynino and some nothyluted
uracil derivatives on the energy of excitation within the flrst‘
absorption $and in EM or MTHF glasses, Thiso foiuita. coupled with
the snpporting evidence uncovered in our labor;tory and the rocont
a;reonent that thynino has vell-behaved f1no:escenco propottios in
.quoons solntion at room to-peratnto (18,19), provide a poverfnl
ar;u-ent in favor of solvent participation in tho fluorescence ol
this -olecule. o

It is well known that hydro;on bondin; 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 N.O.’s. In fact, the absorption maximum of .
thj-ino 1s.seon to shift only 4 nm in going from EM glass to 2-ITBF
solvent at 77K (39).‘ hovover. the quantum yield of fluorescence
decreases by a factor of 10 in the nonpolar solvent as oppos§d to the
alcohol mixture. The -ajor_absorbin; species in EGY shows a maximum
near 264 am vhile'the excitation peak is at ca. 2?0 nm, It is ﬁuite
conceivable that thymine, being heavily solvated, could display an
absorption shift of 6 nn.J

Another point to consider is that in EM all the solvent
molecules are of nearly the same hydrogen bonding st?on;th.'vkile in
EGV, at least two distinct sites of videly different strengths exist,

on the water molecules and degenerate positions on othyldno glycol,
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No tﬁernodinanic or kinetic dats has been collected for the non—
hydrogen bonded ~ hydrogen bonded equilibrium of thymine, VA similar
case exists though in the fluorescence of retinmals, Bgcket and
coworkers (785 fou#d no;;;rog;;nt botfeon the FES and Aﬁénspectra of
this -olecnlé'and the same hydrogen bonding eqnilibriunﬂvas invoked
as an explanation,

Itvseens likely that the noncoincidence in the abso:ption and
excitation spectra of thymine in EGW is due to a varianmce in‘
solvation. The absorption of the major species is at 264 nm ;nd
results in very little e-i;sion, while a -inor.hyd:o;en bond form

absords near 270 nm and.provides congiderable emission,

§—-ethxlcxtosi;e. "The picture in Figure 22 is the ABS and FES
of 5MC in EN glass mnear 123K (a) and 100K (b). Graph (a) displays
two curves which are closely matched, with only small diffﬁrences
'applrenf through the entire band. The slight—n:brella effect seen in
the excitation tolativd‘télthe sbsorption spectrum 1: most iikely
caused by exp&rinental'ertor. Even less disparity is seen thveen
the fvo curves, in b.

Figure 23 presents the ABS and FES of SNC in varions‘nonaqueonc
solventg at or near each’s individual jllss point temperature, e.g.
the temperature at which the solvents form a clear uncracked rigid
solid.‘ Quite clearly, the results fton EGE (EG-ethanol 60:40 by
weight) and MeOH-t-butyl mirror those scen above for SMC in EM, Only
s}ight disérepahcies are.appatent in the ratio of FES to ABS and

agsin, probably arise from experiiental error. In contrast, the
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grephs produced in BGI (EG—-ethanol 60:40 by weight) and IMI
(ieopentene-nethenol-ieopropenol 4: 25 125 by 'ei;ht) gler:er are
more reflective of the correspondin; curves observed for SMC in EGW
glasses, Here, gross nirn:tcﬁes‘ere seen in the FES spectra with
respect to the ABS, telling ef a highly yevelength 5f excitation
dependent qnentnn yield. In.the case of INI, one‘vonld expeet to
view a coincidence in the ABS and FES which exceede thet found in Bl.

Fnrther experinent: proved thet the above reeult: were qnite-
irreprodncible. Even in Bl. the flnorercence prdpertiee vere found
to be highly dependent on the lot nnlber of SIC nred the vendor. the
" solvent preparation and the len;th of ti-e taken betveen ABS and FES
moasurements, | o o

In order to sort out the intrinric eolvent effects fron thore
experinentelly indnced. we begen . lethodicel eeries of
inveetigetions during which the follo'in; facts were nncovered: ’1)
. 5-methylcytosine preciprteted fren hydrochioric ecidbelpeye ddspleyed
nencoincidence between ite ABé and FES epeetrn-. reperdferelof vhich
solvent was enployed; ihdde'SKC -onohydrete vas dnconeittent eith -
respect to thie property. 2) 'hen ethanol or -ethenol was filtered
* through ectivated chercoel prior to nee. alnost 1nverieb1y vevelength
dependent qnentun yielde reenlted for SNC, 3) If the senples were
exposed to room eir for extended lengthr of tine. the probebility of

vieving enonolous flnorescence propertier vas hel;htened. 4)

Addition of one drop of nentrel water bnffer to any of the noneﬁneonl-

solutions enployed produced spectra which were consistently eililnr

to those found in EGW. Introduction of pure doubly distilled water
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did not always yiolﬁ this effect, and 5) Degassing of the alcoholic
"solvent provided no llproienent'in the reproducibility of spectral
dat; collected from the resulting solutions.

From the above experimental evidence, it became clear that two
solvent parameters could very well be causing the noncoincidence in
SIC'; ABS ana FES spectrum, The first to be discussed here will be
the‘presen§e and/or coicentration of buffering ions. In Figure 24‘i0
see the fesults of SNC where doubly distilled water onlf vas used.
¥e observe that the twq curves in this plot are quite dissinilar.
with a separation of ca. 8 ﬁn in tﬁo peaks and 8'; 10 om on the
leading edges. Plot 24 represents-the data collected for sic in .01
mol fhéspﬁlte (n) buffer, pH 7.95 at 145!. Tiis se; bf spect£a is a
bit more well behaved in that the rod-shiff displuied in the FES is
only 5 ~ 6 nm at the peak and lendin; edge’rela¥i;e to the absorption
spectrumn. In graph 24 appears the same specff;l data for SNC in..l
mol pH 7.88 phosphate buffer at 143K, Here wq‘note th;t both the
absorption ind excitation spectra are red shifted télative to those
seen in a and b. The minima of bogh.cnrves‘aro lower and fhe
aﬁsorption maximum hus‘shifted 3 —‘4 nm t6 the red. This progression
to fhe red iq'even more pronounced in plot 24, a graph of the FES
and ABS of 5MC in 1.0 mol pH 7.88 phosphate buffor. A fairly large
absorption shift has occurred in going from .01 (b) to 1.0 mol
phosphate (d) Qith the maxima positioned at 272 nm in the‘fOtlor and

278 am in‘the latter. Ve should also ndte that the -inini li both
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the FES and ABS are quite low and that the FES maximum has shifted to
ca, 285 am. | | f |

All the spoct:a prosonfod in Fi;ﬁro 24 are f:o-. except foi part
a, phosphlto buffers proparod fro- phosphoric acid (H3P04) and KOH.
We nlso perfornod experiments using n buffers oontainin; sodiu-
cotions only. In Table 4 is shown the qnaotul yiolds, absorption |
inxino;‘o;citation maxima and the ratio of abootption mazimum to
_absorptioo ninimum fo:-; number of single‘oxporinonfs‘on EGI‘ilaooos
contoinihg different concontrations of phosphuto buffer vifh'No+ and

!f cations;

Table 4. &g, ABS_,., FES_ - and Ay /A ;, SMC in EGY at 143K

pH buffer con cation ABS max FES max A(max)/
1,-570 . L -, A(min)
.8 1.0 K+ .28 278 . 285 3.56
E,0 - — .09 272 278 - '1.82
.5 .001 " - K+ .17 272 - 281 1.83
o7 .1 K+ T W22 278 . 285 3.57
.4 1,0 - K+ .41 282 . 288 . 5.10
.6 1.0 ~ Na+ .19 276 285 - 2.3
.0 .1 K+ .07 272.5 2717.5 2.0
.95 .01 K+ .11 272 277.5 1.79

SRR e - P - W |

v1oving‘thoso results, we can offet several obsorQAtions; 1)
The quantun yield of SMC tends to increase as the concont:ation of
the cntion in solution increases at a conmstant pH. This vas ootod
whon either It or Na+ was presont. 2) Increases in Qf are ucco-paniod
bj a red shift both in fho FES and ABS curves, 3) As red sii!fs .
appear in the absorption. the rntio of the maximum to the -1ninnn

absorption 1nc:easos, 4) Tho effect of 1ons in solution doos not :
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appear to be independent of pH. Ve note that the quantum yield of
5MC increases from .28 to .41 in going from 1-1.0 mol phosphate
buffer at pH7.8 to a ;1.0 mol éhosphnto buffer at pH 7.4.
Similarly, in the 16' céncentntion buffers, ‘f’ 1ncreu§ from .07 to
- 0.11 to .22'111 going from pH 8.0 to 7.95 to 6.7, respectively, 5) In
;eneral; if is see; that high concentrations of cations are not
geccess;ry to.froduce high quantum yields, i.e., Slé's quantum yield
in .1 mol phosfhate at pH 6.7 is nearly as high as tl_ui: in 1.0 mol ’
phos'ph'nto at pH 7.8, 6) In none of the cu@s showa hqro vn. the
quantum yield ieen to be independent of excitation energy.

| From tho datsa presegted above it is quite apparent that buffer
concentrations do effect the quantum yield qf flnbreacenco of 5NC,
however, this cannot be blamed for the total phenomenon of wavelength
dependency. ’Indedd we h;ve seen that slight changei in pH probabdly

contribute more to the outcome as does ion concentutlion.

pH Dependence

5MC. The results seen in the previous section alerted us to the
possib‘ilityvthat the pH 7.0 EGY glisus 6ollon1y used in our lov
temperature investigations were nt}t ""peutral’’ in the sa;e sense ai
would be expected at room temperature. . In th;y reiard.,'e'colloctod
spectral data for ‘SlC vin numerous EGV solutions 6! pH values tq;in;
from near 0 to ca. 14. Partial results of these experiments are seon
~in Figures 25 and 26. At pH 2 ve seo that the two cﬁrvea match very

closely and are quite different than the absorption of SNC in neutral
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EGY glasses. Reported pK, values of SNC are 4.6 and 12,4 (59) in
room temperature aqueous solution, so the spectral data ud here is
assumed to be intrinsic to the cation of tih ‘-olocnlo. ‘As the pH is
inoreased to 5.0, little change is appaiont in either of fho onrvoi'.
'rhi: would seem somewhat surprising, comsidering the pk, values cited
above., Further, | at pH 6.0, only a slight imcrease in the absorption
at the minimum and a ca. 2am blue-shift d.ifforonthtu this plot from
fhou seon at pH 12 and 5. A more familiar plot appears im Figure
25, & graph of the FES and ABS of 5MC in pH 7.0 EG¥, You will note
that the absorption has blu-shiftodvand the ratio of A(max):A(min)
has doc:e;sod. This spectrum is typical of the nont:gl SNC molecule
in neutral hydroxylic solvents. Turaing to the oorruponding
excitation spectrum, it is clear that much of the catiogio character
has been rotaiud. sharing great similarity with those seen at .pn't 2
and 5. Only a small increase in height 1_3 soen near the minimum,
with all other qﬁautin preserved, In pH 9.0 EGW glass (Fijuro
26) the excitatioa aad absorption of SNC are almost ooigcidont. witi
only a minor discrepancy apparent throughout the band. Vhen the pH
is raised to 11.5, almost sll anomaly vanishes and a ’‘well- |
. behaved’” relationship exists. The slight variation remaianing is
either an experimental artifact or possibly due to the‘ solvint-soluto
hydrogen bonding equilibrium seen to be active ia thymine,

Figure 26 displays the FES and ABS of SNC in EGVW at pH 13.3 near
" 143K. Once again a large rod-shittlhu been produced in th§
'_oxcltation, oie ih:lch is seemingly -n-oh greater tiun that yiovod near

pH 7.0. You will note that the minimum has red-shifted relative to
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that of the ibsorptlon and the maximum appears at ca.v290‘nn.
Addition of a small ;-oﬁnt of KOH to this ;olntion produced the
spectra seen in Figure 26.v Here there is a perfegt match in the
sbsorption and excitation, as one would expect from a solution
possessing a quantum jield near unity. |

F?on the above vﬁ see that the solution pH plays a very
vimportnnt role in determining the fluorescence pioperties of 5NC. In
sddition, the reported roo-vte-peratu:e Pk, values ar; ;nappropriate
for use at low temperature, and/or neasﬁred pH vaiues at room
temperature are not aécnrate in low temperature glas;es.~

Additional support for the contentiqn that>the gross mismatch in
the FES anﬁ ABS of 5KC in "neutral’ solution arises fron‘l
competition between its cation and neutral forms can ﬁe seen in
Figure 27. Here 1; presented the enis:ion>of SMC in a pH é.o EG"
‘;lnsq at 143K exgited. in turn, with 270 a;d 500 nam light., Vhen
excitation i; st the higher energy, the résnltin; flngtescence
spect:ﬁﬁ has a maximum at ca. 320 nm with its onset near 288 nm.
Also, a phqspﬂoreicencg component with a mazimum between 420 and 440
nm is apparent on the long wavelength edge of.thiy'curie. As
excitation nears the red edge of the absoiption bandvof le. a red-
siift in the fluorescence occuri accompanied by a loss of triplet
emission, The dotfea cﬁrve ¥h§§n in Fi;ﬁre 2# :efresents the
emission observed from 300 nm excitation. *Co-pnrisqn with .the
spectrum obtainea fron>210 nm excitation sﬁovs that the maximum has

shifted 5 - 7 nm and no sign of phosphorescencd remains.
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It was noted earlier that the fluorescence spectrn; of 5KC was
not constant ;;th reipect to vavélen;th as the exciting light was
varied across the absdrption 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 cnusi. However,
in view of the sbove results, it is quite easily seen that the
shifting of thg fluorescence curve is due to the profefential
excitation of one species or the othet;' When 1light 1: absorbe& near
the onset, SMC* carries most of the oscillator strength so the
resultant fluorescence arises from this form. Conversely, 270 am
excitation selects for the neutral species and thus the fluorescence
;ntve blue-shifts in accordance to the ratio of SMC:SNC*. Excitation
in the area of the absorption minima for 5NC and snct yields very -
little contribution from the cation since its molar ab:o;ptivity
coefficient is low in this wavelength ro;ion..

In fi;nre 28 is seen a kind of corollary to Figure 27 above.
Presented here are excitation spectra of SMC in pH 8.0 EGVW at 143K
when th§ viewing monochromator is se; at 330 nm and 4ﬁ5 nm, - Emission
data collected at the lon# wavelength is, of course, phosphorescence
and its resulting luminescence action spectrum is kné;n as &
phosphorescence excitation spectrum (PES), Coincidence between the
PES and ABS is quite remarkadble in this graph. fhis fit is as good
or better than those seen for tryptophan or benzimidazole, both being
highly fluorescent at room temperature. Th; FES is not in such good
agreement however, a result vhicﬁ. 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, tﬁo fluorescence contains contributions
from both forms with SMC' being dominant at longer wavelengths of
excitation and 5NC carrying more of the responsibility at higher -
energies. | |

Figure 29 shows the results of a calculation of the apparent
absorption and emission of a S5MC* and 5NC mixture., A computer
program was written which, when the absorption spectra, fluorescence
spectra, quuntni yields and relative concentration of the individual
species were entered, prbdnced 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 components contribution to the absorption and
emission were graphed. Seen in this particular plot is the results
for a 10% cation - 90% néntral solution of SNC, énlntun yield values
~ of .35 and .05 were used'for the two ipecies. 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 absorptioﬁ spe#trnn is due to the neutral species, yet the
excitation is quite si;ilar to that of the cation. This is to be
expected since, in this case, approximately 55% of the emission is
due to SIC+. In addition, the flnorescence'spe;trnn pepks near that
of the cation, but its leading edge is due almost entirely to
emission from the neutral form. Several gdditional plots were
produced using this program, each of which only lent more credence to

the idea that SMC’'s anomolous fluorescence arises from a mixture of

e,
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species, The wavelength of excitation dependc'moeiin the position
of the fluorescence spectrum is a natural consequence of this
pheno-egon.

Further evidence for the pH dependence in the quantum yield of
SMC cun"be {rieved in Figure 30. A ;riph of quantum yield versus
" wavelength of excitation in thi;eo difforent pH EGW ;luui at 143K,
In acid solution, this plot is seen to iu flat across the emtire
absorption band with only asbout a + 5% variation. At pH 1.0,
considerable curvature has been introduced. The quantum yield is .07
at 240 am dropping to .05 af the absorptic;n minimum (250 nm) then
increasing to .31 near the onset. You will note that this reflects
an absorption difference spectrum between tho cation and nenttul
species of SMC. Results from p!l 10.65 are much more voll behaved.
vith only a sli;ht variation apparent across the band which could be
due to oxperinental error or lingering amounts of the hi;hly
flnotesconce ca_tion_. It shonld be pointed out that in the high pH
region a siyilar eff.ect occurs with a totauy wavelength 1ndgpendent
quantum yield obvserved at pH 14 (thé anio# of SNC ha; a Qf : .6 in
EGW at 143K) and curved dependenc’o. similar to that at pH 7.0, at pH
12,5 - 13.5.

Summarizing the above results, we see that: 1) SMC's
fluorescence at pH 7.0 is due to coantributions ftOlb two species, the
cation, with ¢ = .35, and neutral form, ¢ = .05, 2) The cation and
neutral forms of SHC have slightly different absorption curves yh.ich.
when combined, yield qnitoj anomalous spectra and give rise to the

apparent dependence of SNC's quantum yield on exciting wavelength,
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3) Shifts in the apparent fluorescence curve of SMC with exciting
wavelength are due to preferential qxcitation of one species or the
other, 4) 5MC's quantum yield was found to be independent of
excitation energy at pH's 2 — 5, 10 — 12 and 14 in EGV glass at 143K,
5) Changes in the absorption and fluorescence properties of SMC in
low temperature EGW glasses do not correspond to the px. values
reported for this ioloculo in room temperature sblution.

Point fi#e in this list coupled with the fact that SIC+‘han 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 uanoticed
thfough the yoars. Few re:eaichers have taken any note at all of the
dependence of pK, or pH on th? tenperatﬁret involved in fluorescence
studies. We thought this effect could be disregarded in 5NC, since
at room temperature the neutral form fluoresces with almost twice the
intensity of the cation. Only after a series of exéori-ent: which
revealed the greatly increased quantum yield value 6f SMC* were ve
alerted to fhe pos:ib{e pHAdependence of the apparent excitation
tpeétrun;

In an effort to quantitate the change in the pK, of SNC, 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 buffeted distilled water.

The first involves the solute molecule, in this case SNC, and its

protonated form:
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which can be written in abbreviated form as
Id :

smet = suc+rE

The equilibrium constant can be v:itton as

[sucltet]
1suct]

[33]

[34]

[35]

which has a value of 4.6 at 298K in dilute solution. Coupled with

the :olnte eqnilibriun is that of the :olvent buffer which was, in

all cases, phosphate. This weak acid is triprotic and all the

foiIOVin; reactions are possible.

) SUN
H3Po, T BP0, + E'
npo"——"':-z—w BP0 2™ + E'
2P0, | 4

k3 .
HPO ™ = Po 3" + H

[36]

[37]

[38]

At pH 7 only one equilibrium is aétivo and the constant for this

reaction is given by
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(2P0, 271 (K"

L2 = —Tm,p0:]

[39]

where each component is assumed to have a mumit activity coefficient.

The concentration of hydrogen ions contributed by the SMC moleocules

in solution oan 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 givea by
[nzm4-llz

~log[H*] = -10g : [40]
‘ [HPO42—]

and the equilibrium constant for 5NC can be rewritten to give

[suc*ix,
[H*] = [41]
[sucl
Substituting equation 43 into the sbove and rearranging ylelds
[32P04°][5lC] '
I. - Kz [42]

[EP0,2"1[5KC*]

Here wo see that the equilibrium constant for reaction 33 is
dependent not only on its own equilibrium comstant but also on the

equilibrium of the solvent buffer. Further rearrangement of equation

42 yields the following

(suct) K (BP0,

TR, o S (48]
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nnd we see that the ratio !zlt is the important term govotnin; tho
opooiation of SMNC in oolntion. Snbutitnting thornodyulic ltlt.
functions for the equilibrium constants »nnd taking the log of both

sides of the equation gives

) © » ° - o - - -
[suct] - AH, - AR, . A3y Asa.+1n [(B,P0,"] [44)

vhich ;hovs how i:ho ratios of the ions vary with thv;e‘ onth;ipj and
ent:opy‘of the fcaction.

A thorou;h‘ /‘surch of tio literature failed to ptovido 4
thenodynanic data (AB, AS) for the rnctions desoribed above under -
the oxpe:l-ental coaditions that we enployod, o.g. 143K in 60%
ethylene glycol 40% vater, so the discussion from this point onvard
is qualitative in nature. .

Table 5 1lists tﬁc AH, AS and pK, v;lias of sovcr:l diffo:ont
u’ids as 8 functio‘n of tonpeutnro (80). 'o see that phosphoric
acid, along vith other acids (ecitrie, for-ic. borioc), havo very high
negative AS values and low AH VCIIOS.I In nddition the values of
these tvo‘state functions seem to vary iﬁ taidon such that ACiis :
almost & linear fpnction‘of temporature., ‘In éénfrast. tho nol;cnloi
with high AH’s-‘of ionization (imidazols, unonh)ﬂ show conoidonblé'
to;peutnré depoidenci 1;1 thoir. respective p[(i hdicatin; that AGb'
is not linear. : |

| Fr;m Table § io seo that the DNA conponontro (cytosine, thylinQ U
and cytidine) possess high positive AH vnlunr and relatively lov AS

values at 25°C, .Thns ve can anticipate that the pK, 's of these




116

Table 5. Thanodyna-ic Constants for Acid Dissociations of some

selected acids (AH and AS kcals).

_ Ammonia

Spe- Acetic Acid Boric Acid

cies .

oC AH AS ) & AH AS pX, ~ AH AS K,
0 - - - 714 -14,7 4.718 - - -
5 12.5%4 -.21 9.9 552 -15.3 . 4.77 - - -

10 - - - .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

20 - - - .057 -17.0 4.75 3.571 -30.3 9.28

25 12,48 -.45 9,25 -.,112 -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 2.9%0 - -

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-~ Citric Aciad Formic Acid Imidazole
cies ‘ ’

oC AH - AS rK, _AH AS Kk, AR AS K,

0o 1,76 -8.3 3.22 .931 -13.9 3.78 8.66 -2,99 17.58
s 1.61 -8.8 3.20 758 -14.5 3,77 8.70 -2.82 17.47

10 1.46 -9.4 3.17 .573 -15.2 3.76 8.74 -2.69 17.33

15 1,31 -9.9 3.16 384 -15.8 3.76 8.77 -2.59 17.22

20 1.15 -10.4 3.14 189 -16.5 3.75 8.79 -2.53 17.10

25 . .997 -11.0 3.12 -,013 -17.2 3.75 8.79 -2.51 6.99

30 .83 -11.5 3.12 -.221 -17.9 3.75 8.79 -2.52 6.89

35 673 -12.0 3.11 -.436 -18.,5 3.76 8.77 -2.57 6.78

40 .507 -12.6 3.10 -.657 -19.3 3.77 8.75 -2.66 6.68

45 338 -13.1 3.10 -.884 -20,0 3.77 8.70 -2.79 6.59
50 .167 -13.6 3.09 -1.18 -20.,8 3.78 8.65 -2.95 6.50

55 - - - -1.,358 -21.8% 3.79 - - -

60 - - -1,605 -22.2 3,81 - - -

(continued)
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Table 5 (continued)

Spe- Phosphoric Acid Vater
. .cles '
°C AR AS kK, AR AS ) S

0 2.28 -25.1  7.31 14.51 -15.23 14,93
5§ 2,03 -26.0 7.28 14,31 -15.93 14.73
10 - 1.78 -26.9 7.25 14,11 -16.67 14.53
5 1.52 -27.8 7.23 - 13.90 -17.40 14.34
20 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 .11 -30.5 7.19 13,27 -19.53 13.83
3s A4 -31.4 7.19 13.05 -20.24 13.68
40 .15 -32.4 7.18 12,83 -20.96 13.33
45 -,13 -33,3 7.18 12,61 -21.66 13.39
50 -.43 -34.2 7.18 12,39 -22.835 13,26
55 -.72 -35.1 7.19 12,16 -23.05 13.13
60 -1.02 -36.0 7.20 11,98 -23.74 13.02

Spe- : Cytosine Cytidine _ Thymine
cles ‘ - ' a B
°C AR AS K, AR A8 rK, AR . AS ) &Y

25 5,14 -3.7 4.58(1) 4.47 -3.9 4.08(1) 8.83 -15.7 9.90
25 11.15 -17.0 12.15(2) 10,7 -20.2 12,24(2)

moleocunles might change dtuaticﬁliy iith tolpiruturo. The oily iay%
' thic’chgn;e would be apparent, however, is if the px‘ of the solveat
buffer varied losa'vith té-pntutnxo than that of the bases. Although
tho‘rolnltl discussed above i:o frpn aqueous solutions, we can assume 1’
that these trends extend to lower temperature. Therefore, the change
seen in the pK, of SNC arises from the SNC moiety, not from the
solvent buffer (phosphate).

Figure 31 shows a flot of tﬁo log of SNC's qiantn- yield of

fluorescence determined from 270 am oxcitatlbn versus pH in EGVY at
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Figure 31, Log Qf of SMC in EGYW at 143K versus solution pH. The
dashed line was calculated from the experimetally obtained

photophysical parameters of 5MC and an estimated pK, of
7000 . o ’
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143K. The solid line represents the experimentsl data, while the

dashod line was produced by use of the follovh; oqnatioh.

ASHC asuct

+ ‘fSllC"’ '——Ta,r——
A

4,008 = §, suC: [45]

where Qf and A are the quantum yields and absorbances, respectively.

Absorption values for the individual species were determined as

follows,
.. ASMC _ SNC_ SNC : ‘ (461
i Y f + . + i o .
Asuct = ¢SNCTgSKC | -
where a>¥C and aSMC oo given by

aSuCt = 5 ) - N - [48)
([‘n*l + L IE] + KyK,)

x, [H"]
oSKC . . a

© o [49]
(te*1? + k (E*] + KpK,) '
Since the valuo‘of KKy is ca. 4 ordoti of magnitude smaller

than either of the other t;vo terms in the denominator, the room
to-peratnio value of 4 X 10713 was used for Kp. Quantum yield flluos
of 0.35 and 0.05 were assigned to the cation and neutral species and
molar absorptivity coefficients were 7.4 X 103 and 62 X 103.

respectively. The value of K, was varied until the theoretical curve
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best £it (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 pk, st 25°C

Cytidine

In Figure 32 is presented the ABS and FES of cytidine ctzpn'c
4(a), 6(b), 7(c) and 10(d) in EGY at 143K, At pH 4.0, the cbcorption
spectrum is clearly due totho cation coocicc. The excitation
spectrum ic nurly coincident. with only & slight mismatch cplpcront.
'hon the pH of the solution is incrouod to 60 (Fignto 32).» N
noticeable amount of neutral character is infused into the ABS
spectrum, Note that the mazimum is bluo-chittod 3-4 nm and tixo ABS
minimum ic increased by ca. 308, ﬁo change ic seen in the FESi at
this pH, nor is any cppcront at px 7.0 (Fi;uo 32). Bovovorv. ?ct this
pH the ABS appears to be co-pocitc ‘with about 50% contribution from
the neutral spocioc. Rccnltc from pH 10.0 (Figure 32) chov thct tho
absorption is due to the neutral species of cytidime. The oxcitction
has blue-shifted, somevhat, and itc minimum now coincides co:ly volll
with that of the ABS, A fcirly large mismatch still remains ootveen
the two 'cpoctrc. hovever; Ono which is much groeater than thct found

|
under the same conditionc fo: SIC.

Figure 33 dicplcyc the quntu yield of cytidine as a fnnction
of wavelength in three EGY solutionc of different pH values. . Thc
bottom (solid) curve in the figure is the quantum yield from ‘c pH 4.0
solution. anotcl yield values increase monotonically ccrocs: this

curve, beginning ct ;0126 (240 nm) and ticing to .033 at 295 ;n-.
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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
cytidi#e 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 difforonéo in absorption of the neutral and cationic species of
CD. The top curve in this ;rnpﬁ was obtgined from a pH 11.0 EGY
solution. OQuantum yield values are fairly constant near the middle
of the band, but increase both on the low and high energy ends. Thii
behavior probably indicates the presence of a highly fluorescoice
minor spedies. such as residual cpt or hydrogen bonded CD
"molecules. Data which will be shown later (see Figure 34) leads us
fo beli;ve that the neutralization process i; not quite complete at
this pH, and thus, that the anomolous tails ire caused by presence
of the cationic'species.

Figure 35 shows a piot of the quantum yield of CD fbr excitation
at 270 nm versus the pH of EG'.solutions at 143Kk, Two curves are
presented, one obtained from experimental data (;olid line) and the
other calcnl;tgd (dashed line), in the same manner as that for 5SMC
(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 protomated species,
unobserved at room temperature because of its highly acidic pkK,.
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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Aecreaoo, reaching a value of .0023 or 10% of the cation ‘f at the
last experimental point at pH 11.0.

Fox and Shugar (59) found the 'px‘ of CD to be 4.1 in aqueous
solution at 298K. It is quite appareat that the pK, for CD in EGW
solutions at 143K is noiooincidont with this value. Ian fact, the
calculated curve shown in Figure 34 was produced from a pk, value of
6.8, a difference of 2.7 units froms tha; found at room temperature,
Again, invoking the reasoning developed for SMC, this ohln;o is to be
expocfcd due to the nature of the thoriodynnnic p?opertios 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

obtaiﬁed by uﬁ for S5MC at room temperature in aqueous solution (28)
though the effect there is not nearly io dramatioc. Ve have not yet
obtained a suitable explamation for this phenomenon.

As this thesis was being written, & paper appeared in the Soviet
-literature which investigated the anomalous fluorescence behavior of

cytidino in EGY glass at 77K (40). These authors foport that
cytidine's pK, has a value of 5.9 under their experimental

. conditioﬁs. They fu¥thor note that a discrepancy of 5-5 am still
exists between the absorption and fluorescence excitatioﬁ maxima of
this molecule even in the pH region where s single fluorescence
species exists. This nomcoincidence is explained in terms of hydrogen
bonding equilibrium between the cytidine and the solveat, e.g. the
same argument invoked by Becker (39) in the case of thymine. Iho‘

data presented here is in quite good agreement with this work with
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the exception that we find pK, of CD to be shifted to a slightly
higher value of 6.8. Sinco our data was obtained ﬁndor different

conditions. the two results can only be viewed as snpportfvo.

Thymine

Since tho 1uljo ano-olonrs shlfé iﬁ fho oxéiﬁtlon sfootfa for
SMC and CD rol.tlvo to tholr absotption vas oxplalned so well by s
shift in p[., ve oxtondod the vork to thy-lno. 7 Fignre 35 ditplly:
the nbsorptlon and excitation of thh molecule at pn'. 1.5, 4.0, 8. 0
and 11, 94 At tho low p!-!, thynino s ABS maxima occurs at 265 na and
its FES tpoctru is shifted 3-4 nm to tho ted fro- thh. Exuination
’of the plots goneruted lt pﬂ 4.0 und pH 8.0 shows vory littlo change
fron the corrnpondln; spocttl lt pE 1 S |

In Fi;nre 35 we see tho ABS tnd FES of thynino in pn 11.94 EGV
'sélntion. Tho lbsorption cpoctru 13 idontlcnl to tht found 1n
lower pl!v solutions. Bovevor. tho oxcitation is shiftod some 20 nn to
lovor onorzy. o o » , |

An early study (13) on tho anionic forms of thy-ino shows that
two tautomers are prount in basic solution 1(H)-thymine and 3(H)-
thymine™, each of which are highly fluoresceant 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 pK, of thymine at 298K to be 9.9.
From the scaﬂt evidence shown adbove, it is apparontrthat.this value
is incorrect for EGVW solutions at 148K, That thylino"s absorption

spectrum is still dominated dy the neutal species at pH V11.94 alerts
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us that the pkK, is greater than this value. This is not surprising
in‘li;ht of our previous discussion on the temperature dependency of
molecules 'i;h high positive AH's of iomization.

Quentum ylelds (b, = 265) for thymine of .034, .026, .023 |
and 044 were obtained at pﬂ'i 1.5, 4.0, 8.0 and 11.94, respectively.
P1§ts4of the ﬁunntu- 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 differemce exists between the\
curves at 1.5 and 8.0, a fact which supports the ﬁo;ion that thymine
exitt‘s as a neutral molecule throughout the pH range of 1.5 to 8.0.
Since slmost all low temperature fluorescence -ocs;te-onts on thymine
in EGVW were porfoilod in neutral solution, anomolous speciation could
not have been the camse of this noleculo's‘slight wavelength of
excitation dependent ¢, ‘

Examinstion of the top curve in Figure 36 reveals that thymine’s
quantum yield is highly vivelon.th dependent at pH 11,94, The source
‘of this dependency is most certainly the presence 6! the tﬁy-ino

snion which is highly fluorescent.

"~ Suzmary and Conclnsipns -

Each proposed expl:nct‘ion for th; wavelength of excitation
dependency fou.nfl in the quantum yields of the DNA bases was examined
as to application to SMC, cytidine and thymine.

Results for thynino.rulo out all possibilities e.xcopt that of
preferential fluorescence from hydrogen bonded species. Spectra

obtained from this molecule in non-agueous solution at low
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temperature shoved noorly coincidont oxcitotion and ab:orption. Onr
resnlt: :upported elrlier findings (39) and indood this provod to
be tho only toasonnble oxplanution for the vavolength dopondonoy
found in the qnantn- yiold of this biologically i-portant -oloculo.
The small anount of mismatch remaining betveon the ABS and FES of
thymine should be oxpori-ontal error, or possibly a -anifestltion of
conpotitivo deactivational pathways. -

Additional exporinents porfor-eo on thy-ino in diffcrent pH EGV
,glassos at 143K showed that the pK, of thymine is shiftod at least 2
units higher to around 12.0. Hovovor. this shift cannot possibly
effect the photophysical properties of thynino in tho pH 7 EGW
glasses norqally employed in fluorosconco measurements oa nontral
thymine. | |

Flnoroooonco data ';. obtained for SNC in several diffotont
solvents at low te-poratnro. Results from non-agueous solvoots'voro
conflioting id naoy cases. Sovertl spoctta>obtlinod fro- EM glusoos
at 123[ showod porfoot -atchos between the absorption and oxcitation.
However, & nnnber of spectra displayed an anomalous relationship
betvoen the absorption and flnorescenco oxcitation of SICL These
results were corrolated to the acidity or lack of it. of tho El»
sojutions. |

| The c:tion was found fo exist soloiy or io -ixturo viti neutral
5MC up to pn 9 0 or greater. Quantum yield valnes were found to *
be .35 and .05 in EGV gluus at 143X for SIC"' and suc 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 a sin;1§ eiittinz species. Also,
at acidic pH’'s (2-6), the ABS and FES of S5MC was found to coincide
very well, Ia addition,‘tho shift of SNC's fluorescence ipoctrul
with varying excitation va?olon;th 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 occufo near 425 nm. The excitation spectrum of this
phosphoreicenco proved to be a perfect match of the neutral
absorption, while excitation of the flubroscenco at 330 nm resembled
the c;tion absorption. .

It was found that the pK‘ of SNC shifts from 4.6 at 298K in
aqueous solution to mear 7.0 in EGV at 143I.> Tho consequence is that
at pH 7.0, bo’th SNC and 5NC* are formed in solution, leading to the
appardnt shift in thé excitation spectrua.

' In addition,,thi pH dependency of cytidine’s fluorescemce in low
temperature aoiution was examined. This molecule proved to exhibit
the sa-§ shift in PK, as was the case for SMC. A plot of .f vs. pH
was produced which showed that the pK, in EGVW glass at 143K was near
6.8. The‘ABS and FES of this molecule, however did not completely
natch even in the pﬁ regions vhero.only one species was known td
exist. Bydfogon bonding equilibrium, e.;.ftho theory used to explain
thy-ino's anomolous fluorescence properties, is concluded to be
responsible for the ienaindor of oytidine’s fluorescence FES shift.

These results are in good agreement with those found independently

(41).
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TWO PHOTON EXCITATION OF BENZIMIDAZOLE

Results and Discussion

Figure 37 shows the one photon absorption (dashed liie) and two
photon fluorescence excitaton speggrnn (s01id 1ine) along with the
ratio of tio photon excited fluorescence 1nton91ty obtained with
circularly and lineurly'polatized lijﬁti(dark circles) of .
benzimidazole (BMD). Tho‘highQQt peaks in both spectra are normalized
to«ono and th§ vavoionjths of the OPA spectrin are marked on the
upper axis, '

At first glance, the features of:fho tvo spectra look quite
dissimilar, However, their 0 - O bands and‘the first vibrational
progressions (the small hump in the TPE at 544 nm and the second fegk
in the OPA) appeli at noitly the same wavelengths. You should also
note that the relative heights of these peaks ar§ the same in both
spectra,

At energies above that of the second‘poak. the two spectra
seeningly 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 ;naller intensity in the OPA., Also, the
lurgouband seoi‘ig the OPA peaking at i‘shnn (490 nm) is not seen in
the TPE. Below 440 am (220 nm), both spectra begin to rise rapidly-

Data was collected down to 403 nam in the TPE, at which point
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the igtensity vas oca, 5 ti;os thatrof the_SSGJrn: bggd. and qtfll
vino:easing. |

Ratioc of circnlar linear excited fluoreccenco 1ntoncity are
fairly constant fro- 490 am to 540 am, but rise sharply near the red
edge of tho third poak. N

Due to the difficulty 1n conatructin; accurato TPE spoctra. the
relative peak heights 1n tho BMD spoctru- nay vary up to T 10m.
Also. the polarizatiéﬁ ratios prosentod in Fi;ure 37 could be in
error by * 05. ‘ ’ o |

Bxpori-ental (81) and theorotical (82) studies have shown that
two separate electronio states account for BIﬂY: UV spectru- in the
wavelen;th range of 240 - 285 am. The lowost ~energy band,
:ep:esented by tho first tvo sharp ponks in Fi;n:o 31. is Lb-like in

mature. Thevbroad. diffuse band peaking at 245 am hnc beonrdnbeQ L,.

Note thnt the use of I, and L, fo: t:ansitioas 1n BMD is 1ncor:oct.

Their use 1: only valid for -olecnloc fitting Platt'o poriloter -odel'

.

(44) but for nakin; analo;y vith tho transitiona of benzone. hey
will be rettined Bnnds of Ly charactet in aronatic syato-s are
invariably voll resolved while thoae arisln; fron ground state to L,
transitions are chtracteristically broad and only cli;htly
structurod. ' |
Puks 1 (280 nm) and 2 (213 5 nm) of the Lb band of BMD are
sepur:ted by 816 om 1. $0 the third and fourth nenberS'of this
pro;:ession are oxpected at 261 5 nm and 261. 8 n-. rospectivolyf
Hovever, due to the broadness of the L, band, these peaks are qufte

obscured. Also, the overlap of the two bands makes it impossible to
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discern.the 0 — 0 transition of the L,. So, the small bi-ps seen in

the OPA of BMD ig Figure 37 between 255 nm and 270 nnfcould be ‘due to
either vibronic or Franck-Condon transitions within the manifolds of

either Ly or L..'

BMD’s L, band is very solvent dependent in that it red-shifts
profortionﬁlly to the polarity of the solvent. The ABS seen in '
Figure 37 was taken in 50% isopropanol:50% cyclohexane, so the
§eptration of L, and Ly, are almost at a minimum, When acid is added
to BMD solutions to form cations (BMD+), the separation between L,
andbLb becomes even less and, in fact, L, (due to its broadness)
becomes almost degenerate with L. This leads to the very curious
bropor;y of dual emission from BMD+ (83,84), a phonomenon which has
been_foported for‘other molecules (85). Callis and.lansanti (84)
.have vieied the fluorescenée of BND+ and found that two peaks are
present in the emission spe#trun. one hump vith a mazimum near 300 nm
| corresponding to Ly flnoteskence.'pnd another peak at 360 nm due to
L. flvorescence. If the acidic solutions, e.g. EG¥ or glycerol, ire
cooled to form a rigid glass, the proportion of molecules emitting
from the Ly excited state becomes greater than those emitting from
L, o

\Ppblished :epbrts on the deconvolution of the Ly and L, bands of
benzi-idlzolé have not been forthcoming, a fact which introduces some -

| difficulty in fhe upcoming discnssioh of the TPE of BMD, Eo'ever;

"some attempts have been made to distinguish between the Ly and L,
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bands of indole, a molecule which differs from BMD only in its lack
of a ;oo-otricilly opposed nitrogen atom.

Indole's first two UV absorption bands are nearly de;enoraté.‘
Fluorescence studies  (86) of nontrtlkindo;e have shown that L‘ is thQ
lovest excited state in this moleocule in vatqi with Ly lying slightly
above it in energy. Transition moments of the two bands were found
to be oriented at -38° and 56° relative to the long molecular axiy
and the’oscillatlor strengths are reported to be 0.112 and 0.010 for
L, and Ly, respectively (86). The ratio of these oscillator
strengths are ca. 11:1, which is quite questiomable in view of the
polarized excitation work done by Valuer and Weber (87). Their
results show the strength of L, to be less than 3 times that of the
Ly Strickland, Horwitz and Billuptr(sa) ylve reported the
positions of the 0 — 0 L, transition of indole. Relying on the
prop;rty that L, and L shift in oppo:itb directions i# different
polarity solvents, they have been able to separate the peaks due to
L, transitions from those arising from L. In methylcyclohexane,
indole shows peaks at 730 em1, 973 om™1, 1310 em™1, 1723 on™1, 1973
c-'l. 2673 cm~1 and 3423 cm~1 above the Ly O - O transition. Through
comparsions vi;h the UV spoct:abot indole in the gas phase and in
petfluorinatod hexugo. the transitions occurring at 730 on~1 ana 1310
cn™l are shown to 1ie within the L, manifold. The peak found at 973
- om~1 g dosi;naﬁed the L, 0 - 0 transition, Vibrational components

of L, are at 150'0-'1. 1000 c-'l. 1700 om~1 and 2450 on~1 relative to
its' 0 - 0.
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Figure 38 shows the UV absorption of BMD in cyciohexane A), 105 '
isopropanol-90% cyclohexane (B) and 50% isopropanol-50% cyclohfxane
-(C) by volume. The data in curve A shows the L, maximum to be 5650
en1 -ore'onergetic than the L 0 -0. In the io& isopropanol
solution this maximum has red-shifted 406 cm™1 and you will note that
a new peak appears at 2841 cn~1 to the blue of the L, 0-0 and 2403
en1 to the rod of the L, maximum. Since the L, mazimum in B is
blno-shifted 1821 c-f; from the corresponding peak in 1£dolo in
methylcyclohexane (relative to Ly 0 - 0), we would expect to find the
L, 0 - 0 of BMD at Ly 42794 cn™) (1821 + 973), or Ly(ney) —2450 ca™?,
that is assuming the L‘ and Ly, manifolds of the two molecules are the
same., That these expected values cor:elat§ 80 clésely with those
found experimentally lead us to designate the hump in the second
absorption minimum as the L, 0 — O transition. The spectrum in C of
Figure 38 is the same aa that shown in Figure 37 and vas included to
show that the UV spectrum of the solution used in the TPE studies is
indifferonfiublo from the 10% -~ 90% isopropanol-cyclohexane spﬁct:ui,

keturnin; to our discussion of BND's TPE, we see that the first
two transitions in the Lb band showa in Figure 37 are quite visible

in thqkTPE. They are separated by 786 cn'l. very close to the 816
1

cm - goparation seen in the OPA and the polarizntion‘tatio. 2 (where
Q= Fc/FI and F, is the fluorescence intensity under circularly
polarized excitation and F; is the co::espﬁnaing value for linearly
polarized illumination) is very high throughout esch 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% isopropanol-90%
cyclohexane (middle) and 50% isopropanol-50% cyclohexane

(top). The x axie represents emergy above the L, 0-0
transition,
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therefore, clearly comprise part of the Franck-Condon allowed portion
of the Ly band. Viewing the higher energy portioi of the TPE, we see
that the large L, 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 ome of the strong B-
likq~statea of BMD. Thus we are left with the two peaks at 536.5 and
522 nm to explain,

Sigce the L, 0-- 0 is expected to ocour at 517 nm, L,
transitions can be effectively ruled out as possible candidaté: 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 transitioan. Third and fourth
members of Lb'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 nmote, tob.
that these have not been viewed in the vapor phase spectrum of indole
(88). This, coupled with the fact that thi; circular/linear
polarization ratio drops drastically mear the onset of the 536.5 nm
ban&, makes it possibleth oliminate it being Franck-Condon allowed.

Figure 39 shows the TPE spectrum of BMD along with a plot of the
relative intonsity of benzene's Ly band, which is knovnAto gain
intensity through vibronic coupling.. The r;lative height of the two
spectra were found experinen;ally by taking ratios of the
fluorescence intensity of BMD and benzene at several different
wavelengths under the same conditions of excitation. These ratios

wore 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 be in error by s
factor of t'o.‘ From the figure, we seo that BMD's relative twvo
photon absorptivity is a factor of 10 greater than that of benzenme.
However, if the 536.5 nm transtion is built on other tramsitionms, the
area under the peak is at most twice that of bemzene’s L,,. Also,
.this poak occurs at L, +1524 c:°1 which 1is very close to the 4,
vibrational ftoquo;:cy found in beamzeme. The second peak, at 523 am,
is much lower ia iateasity and could be the second peak im the . 4,-

like progression of bemzimidazole. .

' CNDO Calculations
Table 6 1ists the lovest four x —) x¢ states of BMND and their
pertinent spectral data as calc;latod from CNDOS-CI (89). These
calculations were porfoi-od by the 'hanthor, on-the campus Homeywell 66’
computer., Singly excited states only were imcluded ia the

configuration interaction calculatioas.

‘Table 6. Calculated spectral data for benzimidazole.

States OPA N S J 8¢ e}
transition S :
wavelength 10436
L, 284.8 .046 122.2 1.46
L, 249.5 .288 341.9 0.96
B 219.2 .289 ' 1502.6 0.72
B 204.5 .783 125.6 . 1.10

Yalues of 8g are found by summing the .‘.q“r“ of fho two photon
tensor elements of a state. The individuwal tensor elements are

obtained by use of the following equation (90),
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. _2[ YA ATATAR NS . AU ABA AR
Bl B | Ey - kg

where .tho subscripts o, 1 and f are for intermediate and final

] [51]

states, A and B are the cartesian coordimates X, Y and Z, M's are for

transition moments betioon the initial, intermediate and final

states, E; are the eigenvalues of the intermediate states, W's are

the wavefunctions of the states included in the calculatioms and sut'

are over all possible states, initial and final inclusive.

Polarization ratios “oirnlin) are obtained through the use of

the following equation (92),

0. 501: -25F + GGG
811a 28y + 48g
where
6 d * b 2
F" -%— SM SBB = (TrS)
By = — " s2
6." 30 8,p Sap = Tx( )
and

o = x4 '\J’Iv‘z/oz

[52]

[53]

[54]

/
[55]

where 1f1 and ‘U’z are the frequencies (in c-’l) of the two photons

being sbsorbed. The theoretical range of 8 is from 0.0 -'1.5 for
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transitions which involve no change in state iy--et:y, but can only
be 1.5, where changes in state symmetry occur.

First, you should note‘ghat the predicted wavelengths of the OPA
-0 = 0's of L, and L, are qualitatively correct. The oscillator
strength of L, is overestimated by a factor of 3 but that of Ly is
approximately correct. The most surprisimg result shown here is that
8 for the L, band is predicted by CNDO to be 3 times iit;et than 85 °
for L,. Since these calculations were performed previous to the
experiments, we were quite surprised to find only subtle hints of L,
in the TPE of BMD. Subsequent calculatioms performed on slightly.
different geometries of BMD have shown that the TPA intensity}of L,
is very sensitive to molecular perturbations. This prodlem is
presently receiving attention and a further discussion will be

included in our upcoming pudblication.

Conclusion

The two photon fluorescence excitation and circular/linear
polarizations of benzimidazole were proséntod and analyzed. An.
overwvhelming majority of the two-photon absotptivity4is seen to be
due to transitions in the Ly band while L, though predicted by CNDO-
CI mothods to be quite strong, is missing in the TPE spectrum. Two
peaks, not seen in the UV spectrum of BID. are seen in the TPE and
these are believed to be vibronic components of the Lb band.

In addition, the 0 — O transition of benzimidazole’s L, band in
the OPA spectrum is identified, to our knowledge, for the fi:it time,

Further studies are nov being performed in our ladb to more firmly
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chsracterize the TPE of benzimidazole. Transition densities between
ex?ited states have been obtained and are in the process of bdeing
interpreted in order to find out what states effectively couple Qiti
Lb to produco‘sttpng vibronic transitions. Also, additional UV
lbsotétion spectra will be taken to confirm our‘assign-ont of the L,
0 - 0 and to attempt to view the vibronic transitions ioon in

benzimidazole’'s TPE,
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