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Phosphorescence of adenosine and peoly(riboadenylic acid)

Evidence for dual emissions and n7 * states
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Phosphorescence from the 9-adenylyl group in the form of microcrystalline powders of adenosine films of poly(riboadenylic acid)
(poly(rA)) in hyaluronic acid has been studied at 77 K. For adenosine, clearly resolved vibronic structure consists of two
progressions, A and B, with 45, =1363 ¢cm™! and A¥g=1575 cm™!, correlated with in-plane Cs-N,, and in-plane C,-C; stretch,
respectively. The relative strength of the progressions varies with excitation wavelength and this, together with the absence of a
common origin, indicates the existence of two independent emitting states with 0-0’ levels separated by either 300 or 1000 cm ™.
Two different excitation - spectra are observed lying below the normal (w7 *) adsorption and one is assigned as a previously
undetected '(nw*) transition. For poly(rA) films the emission band envelope is identical with that of adenosine but the vibronic
structure is lost. Only one excitation peak is observed at 32.9x10? cm~?, identical with one of the adenosine spectra. The second
adenosine excitation spectrum probably represents an intermolecular charge transfer transition, Comparison is made with the

predictions of six semi-empirical MO calculations.

1. Introduction

Despite continuing efforts over the past 30
years there is still considerable uncertainty con-
cerning the lower electronic transitions and ex-
cited states of 9-substituted adenines. Early stud-
ies of solvent and substituent effects [1] allowed
the inference that there were two in-plane (7, 7*)
transitions in the first absorption band with the
lowest energy transition polarized along the long
axis, and a variety of subsequent experimental
work has been directed to determining the intensi-
ties, locations and polarizations of these transi-
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tions, with somewhat discordant results. Polarized
absorption spectroscopy of single crystals of 9-
methyladenine [2,3] showed a strong transition
(oscillator strength (0.28) at 275 nm, essentially
along the polarized short axis. A second transition
at 255 nm was much weaker (oscillator strength
8 X 107?%), in-plane polarized and perpendicular
to the first transition. Linear dichroism measure-
ments of dispersions of solutes oriented in
stretched films avoid possible problems due to
crystal interactions, and such measurements on
9-methyladenine in polyvinyl alcohol [4] provide
clear evidence for a new transition at 286 nm in
the low-energy tail of the absorption. Although
adenosine did not show this effect, similar work
on 6-(methylamino)-9-methylpurine [5] showed an
enhanced and partially resolved absorption be-
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tween 320 and 290 nm. It is perhaps significant
that the first resolved vibronic band in the low-
temperature fluorescence of AMP lies at 286 nm
and can probably be assigned as the 0-0’ transi-
tion.

CD spectra of adenine nucleosides have been
correlated with ultraviolet absorption by two dif-
ferent procedures, leading to contrasting conclu-
sions. Assuming Gaussian profiles for the overall
transition envelopes, Ingwall [6] found that transi-
tions centered at 270, 260 and 250 nm (all within
the 260 nm band envelope) could account for the
ultraviolet and CD, as well as MCD spectra. The
260 and 250 nm transitions were assigned as 7 —
w*, while the 270 nm transition was suggested to
be n-w* on the basis of its low absorption inten-
sity, solvent red shift, solvent sensitivity of rota-
tional strength, and strong blue shift on protona-
tion. On the other hand, assuming a harmonic
progression of Gaussian vibronic bands, For-
nasiero et al. [7] have fitted the CD and ultraviolet
data for adenosine and AMP from 290 to 247 nm
using only two transitions considered to be (77 *)
with (0-0") levels at 269 nm (oscillator strength
=0.3) and 275 nm (oscillator strength not given
but presumably < 1072).

Other evidence on the location of electronic
transitions comes from excitation profiles for pre-
resonance and resonance Raman scattering in
which enhancing transitions have been located at
276 and 260 nm [8), 276 and 269 nm [9], and 268.3
and 264.6 nm [10].

Unsatisfactory as the situation is for #7* tran-
sitions, it is even worse for (n=*) transitions, not
least on account of the paucity of experimental
evidence. Stewart and Davidson [2] observed an
out-of-plane absorption in co-crystals of 9-methyl-
adenine and 1-methylthymine, with an onset at
300 nm and increasing continuously to 230 nm,
and suggested that it may be an adenine n— 7 *
transition although it was not observed in pure
crystals of 9-methyladenine. It has been suggested
that CD [6,11,12] and MCD [13] spectra show
evidence of participation of the nw* transition
but no concrete conctusions have emerged from
this work. Transmission methods, whether based
on isotropic, or linearly or circularly polarized
transitions, are inherently unsuitable for detecting

very weak transitions such as !(nx*) for which
oscillator strengths of approx. 10”3 are antici-
pated. On the other hand, intersystem crossing is
facilitated from !(n#*) states, leading to en-
hanced phosphorescence emission [14] which can
then be detected with high sensitivity. Indeed,
phosphorescence excitation spectroscopy has been
used to advantage in studying the (n7*) transi-
tion of purine, the parent molecule of adenines
{15,16]). Accordingly, one of the aims of this work
was to search for (n#*) transitions by phos-
phorescence detection. This prompted us to re-ex-
amine the phosphorescence emission spectra of
adenosine and has led to the conclusion that there
are two emitting states contributing to the phos-
phorescence band envelope, rather than the one
which has been previously assumed. We show that
this increases the understanding of results ob-
tained in earlier studies.

We have investigated the phosphorescence of
the 9-adenylyl group in two forms which have not
been studied previously, First, adenosine has been
investigated in the form of microcrystalline
powders. Here the crystal structure [19] shows that
the planes containing the adenine group are
arranged so that there is stacking [20] of the
NS.amino group of the adenines in one plane over
the midpoint of the C,~C; bond of the adenine of
the adjacent plane. Second, poly(rA) has been
prepared by a fiber-extrusion process, as a dilute
solid solution in a film of hyaluronic acid. Stack-
ing interactions are possible within each poly(rA)
strand but general crystal interaction effects may
be discounted. Although the strands of poly(rA)
are stretched by the process of fiber extrusion, the
structure is probably much less ordered than that
of the adenosine crystals. Studying these samples
by phosphorescence spectroscopy has allowed us
to characterize a previously undetected (nz*)
transition of the adenine chromophore lying at a
lower energy level than (#or)* transitions.

2. Experimental

The emission and excitation spectra were cob-
tained using a modified Baird-Atomic model SF-
100 spectrofluorimeter. Radiation from a magneti-
cally stabilized 150 W xenon lamp was dispersed
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by a double-grating monochromator and focussed
on the sample capillary (1.5 mm, i.e., *Spectrosil’)
in a standard (Baird-Atomic accessory) fused silica
dewar having an elongated (8 cm) cylindrical,
non-aluminized tail. The sample capillary was
completely surrounded by liquid nitrogen so the
sample may be reasonably assumed to be at 77 K.
Emission from the sample was observed at right
angles to the excitation beam and focussed through
the second double-grating monochromator. Detec-
tion was by an EMI 6256 S photomultiplier cooled
with pulverized solid CO, and operated in the
photon-counting mode followed by an Ortec 9301
shaping pre-amplifier, 9302 linear amplifier and
436 discriminator. Counts were collected in a
Nicolet 1072 instrument computer triggered by a
pulse generated from the voltage ramp of the
wavelength drive of the SF-100 spectrofluorime-
ter. Data were collected at a dwell time of 1
s/channel and the spectra were scanned at 1
nm/s. Signals were sufficiently intense that the
narrowest slits (0.3 mm, giving a spectral slit width
of 1.5 nm) were used on both excitation and
emission, signal accumulation by multiple scan-
ning being used only to verify weak features
without losing resolution. Typical counting condi-
tions were: photomultiplier dark count rate, 2-3
s~1; background count rate, ~ 102 s~!; count
rate of adenosine, ~ 3 X 10> s™! at 402 nm and in
excess of 2xX10% s ! at A,,,, depending on the
excitation wavelength. The chopping speed was
usually 4000 rpm and no bleaching was observed,
either short-term or long-term. Background was
measured first with an empty capillary and then
with nonluminescent CaCQ, powder in place of
the sample. Results were practically identical and
without structure, indicating that the background
is largely due to front-surface scatter from the
dewar. This background was subtracted in the
Nicolet instrument but all subsequent data treat-
ment was carried out with an HP 9125 computer
and 9862 plotter. All spectra presented here are
corrected and normalized to facilitate comparison
of band profiles; the emission spectra have been
corrected for monochromator transmission ef-
ficiency and photomultiplier wavelength sensitiv-
ity relative to a standard tungsten lamp (Electro-
Optics L-101) whose calibration is ‘traceable to an

NBS standard’; the excitation spectra have been
corrected for variation in the wavelength of the
output of the xenon lamp/excitation monochro-
mator combination using as a ‘quantum counter’ a
solution of rhodamine B in ethylene glycol (8 g/1)
in a triangular cuvette.

The major effect of the corrections on the emis-
sion spectra is to strengthen the features at wave-
lengths beyond 550 nm by compensating for the
fall-off in photomultiplier sensitivity in this range,
while for excitation spectra the corrections com-
pensate for the continuous fall-off in ultraviolet
intensity with decreasing wavelength.

Samples, microcrystalline adenosine (Sigma) or
a spun film of poly(rA), were placed in a Spectro-
sil capillary tube (2 mm inner diameter, 25 mm
length) mounted on the end of a Teflon rod and
adjusted in the horizontal plane so that excitation
and emission beam axes were tangential to the
surface. When using a film sample, the rod was
rotated to optimize the signal and this occurred
when the film was approx. 45° to the excitation
and emission axes. The poly(rA)/hyaluronic acid
film was prepared according to a wet spinning
method [21a—c] using a spinning solution of 6.3
mg/ml of poly(rA) (Sigma) and 2.2 mg/ml of
hyaluronic acid (Sigma) in 0.1 M KCl. 80% ethanol
containing 0.1 M KCI was used as spinning bath.
After the wet spinning, KCl was removed by
bathing the cylinder with the spun deposit in 80%
ethanol. The film was weakly birefringent but an
X-ray diffraction pattern showed only diffuse
rings.

Calculations of the transition energies and
oscillator strengths have been carried out using
the HAM /3 semi-empirical MO procedure [22]
for 9-H-adenine in the Spencer geometry [23].
Repulsion integrals were calculated using the
Mataga-Nishimoto expression and 30 configura-
tion interactions were evaluated. Details of the
parameterization are given in ref. 22.

3. Results
3.1. Emission spectra of adenosine

The phosphorescence spectra of adenosine at
77 K are presented in fig. 1. There are clearly
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resolved bands between 400 and 480 nm followed
by a region of heavy overlap to approx. 600 nm.
Changing the excitation wavelength causes sys-
tematic variations in the intensities of the resolved
bands without changing their positions. Thus, the
403 nm band diminishes considerably on going
from 299 to 317 nm and has almost disappeared
at 333 nm. The bands at 426 and 451 nm move in
parallel with that at 403 nm. On the other hand,
the bands at 416 and 444 nm increase in impor-
tance from 299 to 333 nm excitation. The effective
resolution which we observe is demonstrated by
the behavior of the peaks at 444 and 451 nm
which have not been resolved in previous lower
resolution work on dilute glasses. The spectra in
fig. 1a—c appear to be largely composed of two
subcomponent spectra. Based on the characteris-
tics of the resolved bands a partial vibronic analy-
sis into two progressions has been carried out,
with the results indicated in table 1. The two
vibronic progressions which we observe, 1363 and
1575 cm™?, correspond to strong Raman transi-
tions at 1340 and 1580 cm ™! [31] which are under-
stood to be due to vibrations in which the Cs-N,
stretching mode is predominant for the 1340 cm™!
vibration and the C,-C; in-plane stretch in the
case of the 1580 cm™! vibration [8,32].

3.2. Excitation spectra for adenosine

The variation of emission spectra with excita-
tion wavelength and the classification into two
emission series have led us to investigate the exci-
tation spectra of the series. Excitation spectra (fig.
2a-d) have been measured at the wavelengths of
the major resolved emission peaks. Under our
conditions of relatively low resolution, band over-
lap occurs in emission, increasing across the spec-
trum with increasing wavelength. Consequently,
the excitation spectra represent, to varying ex-
tents, the overlapping emissions. The excitation
spectrum for the 403 nm band of the A series
consists of a single peak at 304 nm (fig. 2a). The
excitation profile for 416 nm emission (B series) is
quite different (fig. 2b) with a maximum at 331
nm and showing vibronic structue at 316 nm;
however, the weak shoulder between 290 and 310
nm can be attributed to admixture of some A
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Fig. 1. Emission spectra of adenosine. Excitation at: (a) 299,
(b) 317, (c) 330 nm



M. Daniels et al. / Phosphorescence of adenosine and poly(rd) 229

Table 1

Partial vibronic analysis of adenosine phosphorescence

Series A Series B

363 nm very weak 367 nm very weak

381 nm weak 390 nm weak

403nm -y yes -1 416nm ek om1

426 nm 1 444 nm -1
1351 em 1580 cm

451nm 64 om 48nm 580 cm!

481 nm 517 nm

514 nm

Ay =1363cm™! A5 =1575cm™!

series character. At 426 nm, a member of the A
series progression, the profile (fig. 2¢) clearly re-
sembles an overlap of the 403 and 416 nm profiles
roughly in the proportion 3:2. This admixture of
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character, which we attribute to overlapping of the
emission bands, persists at 447 nm (fig. 2d) which
lies between the emission peaks at 444 and 451
nm, and also at 480 nm. We conclude that the
excitation studies show the presence of two basis
spectra correlating respectively with the A and B
series emissions. The excitation vibrational split-
ting corresponding to the B series is 1360 cm ™Y,
The phosphorescence of adenosine and related
compounds such as 9-methyladenine, deoxy-
adenosine and AMP has been reported in several
papers [24-30] concerning dilute rigid glasses.
Series of bands of alternating intensity have been
pointed out [28] and this feature of the intensity
has been used to separate the overall spectrum
into two progressions, one ‘strong” and one ‘weak’,
corresponding in position to our A and B series
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Fig. 2. Excitation spectra of adenosine. Monitored at: (a) 403, (b) 416, (c) 426, (d) 447 nm.
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Fig. 3. Emission spectra of poly(rA)/hyaluronic acid film. Excitation at (a) 300, (b) 270 nm.

(note that, depending on excitation wavelength,
we find that the B series can be strong). Some
disagreements in earlier reports of band location,
pointed out by Szerenyi and Dearman [27], can be
rationalized on the basis of the solvent sensitivity
of series B along the lines suggested by
Kleinwichter et al. [28]. With this proviso we find
no bands which have not been observed in dilute
glass systems and in particular our results are in
good agreement with those in refs. 25, 26 and 30.
A characteristic feature in glasses is that the
Franck-Condon profile peaks at the lower wave-
length bands; the most intense band is usually at
402 nm and clearly resolved bands are seen at
approx. 380 and approx. 390 nm, whereas we find
the most intense bands at approx. 450 nm. This

Relative intensity
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has led us to examine carefully the low-wavelength
region with multiple scanning (10 times) and dig-
ital signal accumulation. We find evidence of weak
emission below 400 nm and traces of very weak
emission below 375 nm and these have been indi-
cated in table 1 by extension of the series to higher
energies. Note that the lowest emission band to be
reported is at 366 nm for deoxy-AMP in diethyl
ether /isopentane/ ethanol (EPA) [27].

3.3. Emission spectra of poly(rA)

In overall profile, the phosphorescence of
poly(rA) excited just outside the absorption band
at 300 nm (fig. 3a) is very similar to that of
adenosine (fig. 1a), peaking at approx. 450 nm and
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Fig. 4. Excitation spectra of poly(rA)/hyaluronic acid film, Monitored at: (a) 415, (b) 442 nm.
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showing very little emission below 400 nm. A
control sample of pure, wet-spun hyaluronic acid
film gave only negligible phosphorescence under
similar conditions. The most striking difference is
the almost complete loss of resolved vibronic
structure in poly(rA). This emission spectrum is
identical with that obtained on excitation at 270
nm (fig. 3b), well within the ##* absorption
band. Excitation at 343 nm causes a significant
red shift with the peak moving to approx. 490 nm
with a shoulder (-~ 440 nm) which probably re-
flects a contribution of the 300 nm excitation
spectrum. This red-shifted spectrum will be the
subject of a separate communication.

3.4. Excitation spectra of poly(rA)

The excitation spectra monitored at 415 and
443 nm are strikingly similar to each other (fig. 4a
and b) and to the profile for adenosine which we
assign to the A series vibronic spectra (fig. 2a).
The principal differences between the poly(rA)
and adenosine spectra are the order of magnitude
increase in efficiency as compared with adenosine
in the case of excitation in the 77 * band (260-280
nm) in poly(rA) and the absence of an excitation
spectrum corresponding to transition B of adeno-
sine (fig. 2b—d).

Discussion
4.1. Assignment and nature of emission spectra

It is clear from both our results on adenosine
and literature results for glasses [28,29] that there
are two major vibronic progressions in the phos-
phorescence spectra of 9-substituted adenines.
However, consideration of other evidence strongly
suggests that both of these progressions arise from
distinct electronic states. If the progressions were
to emanate from the same state then they would
have a common origin which can be located by
extrapolation of each series. Effective coincidence
within the limits of resolution in our experiments
can occur if E(0-0) is at 346 nm for the A series
and at 347 nm for the B series. Multiple scanning
failed to reveal any emission below 360 nm. How-

ever, this cannot be taken to be definitive in our
work because the emission is strongly forbidden at
the origin. In glasses where the lower members of
the progressions are enhanced, a similar search by
Cohen and Goodman [30] around 28.5 x 103 cm ™!
(350 nm) also proved fruitless. Thus, the source
from which the emission stems may be located in
either 380-390 or 360-370 nm region. The ob-
servation of a peak at 366 nm for deoxy AMP in
EPA [27] suggests the latter region for one of the
series but further investigation of this point is
necessary. Further support for the independent
dual emission is provided by consideration of the
excitation spectra. Essentially, each progression
has a distinct excitation spectrum, the main char-
acteristics of which are demonstrated in fig. 2a
and b. Lastly, we note the observation of the
biexponential decay of AMP in ethylene glycol
glass at 77 K, measured by averaging 16 decays
over three decades [33].

Evidence concerning the nature of the emis-
sions comes first from a consideration of polariza-
tion studies [29,30] of glasses. Both groups find
that the polarization of the strong peaks (in an
alternating sequence) is strongly negative with re-
spect to excitation at 280 nm [30] and 290 nm (V.
Kleinwichter, personal communication). How-
ever, between the strong ‘peaks the polarization
decreases (becomes less negative) to extrema at
wavelengths corresponding to the ‘alternate’
(weaker) vibronic sequence. This oscillating pat-
tern of behavior of polarization is presented clearly
in the paper of Drobnik et al. [29], however,
inspection shows that it also exists in the results
obtained by Cohen and Goodman [30]. These
polarization extrema correlate directly with the
vibronic series A and B. Thus, series A, based on
the in-plane C,-C; streich, has a degree of polari-
zation of —0.20 while series B, due to the C.-N,
in-plane stretch, has a degree of polarization of
approx. —0.05 (these values may not be accurate
because of band overlap, but this is not important
for the present discussion). Essentially, the series
A transition is approximately perpendicular to the
absorption transition at 280-290 nm, and series B
is approx. 40° to this absorption, both emissions
being polarized in-plane. Since (77 )* transitions
are polarized out-of-plane [34] while those of the
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3(nm)* type are polarized in-plane [35] the
adenosine phosphorescences are substantially of
the *(n7)* form. Although this stands in con-
tradiction to the conclusions drawn by the previ-
ous workers, it should be noted that vibrational
assignments were not available at that time and
that neither group discussed the oscillatory behav-
ior of the emission polarization. The major argu-
ment presented at that time in favor of 3(7m)* as
the assignment was based on phosphorescence
polarization excitation spectra. The polarization
(of the main emission peak) was measured as a
function of excitation wavelength across the
absorption band and appeared to be invariant
with respect to the wavelength. As the absorption
band was presumed to encompass two mutually
perpendicular in-plane ##* transitions (see sec-
tion 1), it was concluded that the emission could
only be polarized out-of-plane. However, close

36.2x103 cm™! (276 nm)

scrutiny of the results reveals that despite the 8
nm bandwidth of the exciting radiation, the
polarization actually oscillates with respect to the
excitation wavelength and the result is better un-
derstood with the aid of a model of two absorp-
tion and two emission transitions in which all
transitions are in-plane. This point is being
investigated further and will be the subject of a
future communication.

4.2. Assignment and nature of excitation spectra

For adenosine we observe two independent
excitation spectra which populate the different
emission series and which we label correspond-
ingly. Both excitation spectra lie outside the nor-
mal absorption spectrum, which probably corre-
sponds to !(mm*) transitions, and obviously
populate the triplet manifold with high efficiency.

0 - 0’ absorption

350x10% ¢m™!
350x103 em™! (286 nm)

0 - 0’ fluorescence

32.9x103 cm~1(304nm)

32.9x10% em™ (304 nm)

L 4(5-T),~6.7x10% cm™
{or5.4 x10% em™)

30.0 x103 cm™

276 x103em™ (363 nm)
_____________ )

26.25x103cm™ (381 nm )

20.0x 103 ¢cm™!

316 x10° cmi ' (317 nm)

302 x10% em™' (331nm)

4(5-T),~3000 e

27.25cm™ (367nm)

Fig. 5. Transition energies of adenosine.
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Furthermore, there is no overlap with the emission
spectra and we accordingly assign these spectra as
singlet n —» #* transitions. The lowest energy
transition, '(nw*)y, has a clear vibrational struc-
ture and a strong 0-0’ band at 30.2 X 10> cm™?,
The origin of the !(nm*), transition is not so
clearly determined; the band is asymmetric and
the maximum Les at 304 nm (32.9 X 10> cm™?) as
does the poly(rA) excitation spectrum (which has
no overlap with higher vibrational levels of
Y(nm*)p). The band maximum may well be the
0-0" level; this is assumed in estimating singlet-
triplet (S-T) and ng-n, splittings, and is repre-
sented in fig. 5.

The singlet-triplet splitting for the B series is
3.0x10° cm™!, adopting the 0-0’ triplet level
given by Szerenzi and Dearman [27] and this is
quite consistent with the assignment of a pure
(nmw*) transition to absorbing and emitting B
states (the absorption peak-to-emission peak value
of 13700 cm ™' reported by Cohen and Goodman
[30] and used to support their assignment as
3(mm)* is clearly an overestimate). For the A
series the S-T splitting is either 5.4 X 10% or 6.7 X
103 em ™!, depending on the choice of 0-0’ level
(381 or 363 nm), and is significantly greater than
that for the B series. This may indicate a degree of
s * character mixed in with that of n#* due to
the adjacent 77* level at 36.0 X 10° cm™! [7-9].
In any case, it is comparable to the *(n7*) split-
ting in pyrimidine (5.7 X 10° cm ') [17]. Polariza-
tion measurements should be informative in this
respect but we have not been able to observe
significant polarization in our present experi-
ments. Lifetimes are also strongly nonexponential
(M. Daniels and C.E. Fairchild, unpublished re-
sults) and this together with the lack of polariza-
tion is probably indicative of extensive energy
transfer.

4.3. Poly(rA}

In overall profile the emission spectrum of the
poly(rA)/hyaluronic acid film is very similar to
that of the adenosine microcrystals, with the loss
of vibronic resolution most probably due to site
broadening. This lack of resolution does not allow
us to distinguish between the A and B series in

emission, however, the excitation spectrum clearly
indicates the strength of the (nw*), transition
and the virtual absence of that of the '(n7*)g
type found in adenosine.

Differences in behavior between the monomer
and polymer have also been reported in studies in
hydroxylic glasses. For these, AMP and adenosine
give rise to a mixture of A and B emissions with
the former type being the most intense [26-—30],
while poly(rA) gives either series B only, or a
mixture of both, the B series being the most
intense [27,33,36,37]. Absorption spectra of AMP
and of poly(rA) are shifted under these conditions
[38]; as a consequence, at a fixed excitation wave-
length, different transitions may be excited in
AMP and poly(rA). Hypochromism and/or hy-
perchromism, consequent to the stacking of
poly(rA), may also be involved; more detailed
investigations are clearly required. Whatever the
explanation of the behavior in hydroxylic glasses,
the reverse effect would seem to be operative in
the poly(rA) film, ie., if the structure of
poly(rA)/glass leads to B-type emission, then the
structure of poly(rA) film must differ significantly
so as to lead to A-type behavior. Adequate struct-
ural information is lacking for both glass and film
environments.

4.4. Comparison with purine and MO calculations

Purine, the parent molecule of adenine, is the
only closely related molecule for which similar
experimental data are available and it is ap-
propriate to compare the experimental results for
these two molecules. Difficulties in determining
experimentally the characteristics of the lower ex-
cited states of adenine have led to a number of
attempts to calculate their salient features. Indeed,
this area is one of the rare examples of theoretical
predictions predating experimental observation,
unfortunately with results that are inconsistent in
many cases, or even qualitatively incorrect.

The phosphorescence emission spectrum of
purine was extensively investigated in various,
glasses at 77 K by Drobnik and Augenstein [39]
who drew attention to the ‘alternating intensity’
behavior and the oscillating behaviour of polariza-
tion [29] without discussing the spectral origin or
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interpeak polarizations. The first resolved emis-
sion band lies at 367 nm in EG and at 357 nm in
EPA or isopropanol. However, for 9-ribosylpurine
and 9-methyladenine, this band is missing and the
first band lies at 383 and 385 nm, respectively (in
isopropanol). The same behavior was observed by
Cohen and Goodman [30] who describe the first
purine band as appearing at 363 nm and the first
band of 9-butyladenine at 378 nm, almost coinci-
dent with the second band of purine (all in EPA).
This behavior introduces uncertainty into the de-
termination of the 0-0" level as discussed above
for adenines, since the absence of the band may
be due either to substitutional weakening of one
transition or to the existence of emission from a
proportion existing as the N(7)-H tautomer. Ma-
trix-isolation studies on purine {16] at 20 K show
the same alternating character: the first band is
observed at 380 nm but the spectrum is not down
to baseline at 375 nm and the possibility of a
higher energy band occurring cannot be ruled out.
The 3E(0-0’) of unsubstituted purine thus lies at
either 26.0 X 10° or approx. 27.8 X 10 cm ™.

The '(nw*) absorption of purine has been
clearly established in studies on polarization exci-
tation spectroscopy in EPA at 77 K [30], direct
absorption in crystals [40] at 4 K, polarized reflec-
tance spectroscopy at 295 K [41] and phosphores-
cence excitation spectroscopy on matrix-isolated
samples at 29 K [15]. All of these workers are in
agreement that the transition lies outside and at
lower energy than the strong 77 * absorption, and

the clearly resolved excitation spectrum places
E(0-0") at 31.4 X 10> cm™! (318 nm).

These experimental results for purine are sum-
marized and compared with those for adenine and
with the data from six semi-empirical MO calcula-
tions in table 2. Consideration is restricted to the
lowest n7* and the two lower 77 * tramsitions.
The well-established n«* transition of purine is
not satisfactorily accounted for by the sole pub-
lished calculation (an all-valence electron CNDO-
CI method), the calculated level actually lying
above the lowest 7w * transition [42]. The same
behavior is found for adenine, the calculated nm*
lying at 228 nm. When the result for purine is
adjusted to agree with experiment, application to
adenine of the ‘corrective constant’ (4E’), thus
derived still gives a value (253 nm) lying above the
lowest wo* transition calculated to be at 258 nm.
All other calculations, despite their range of ab-
solute values, result in levels for no* lying below
the lowest 7w * transition, in agreement with our
experimental observations. The ‘best’ calculations
(those producing values closest to those from ex-
periments) seem to be those of the variable-elec-
tronegativity procedure of Srivastava and Mishra
[46] and the preliminary results reported here using
the HAM /3 method. Srivastava and Mishra actu-
ally find two low-lying nw* transitions with an
energy separation of 2.8 x 10° cm™?, and while it
is tempting to correlate this with our two exci-
tation spectra, also with an energy separation of
2.8 X10% cm™!, the present evidence is that our

Table 2
Experimental and theoretical transition energies for the lower states of purine and adenine (9-H)
Experiment Theory
293K 20K° 142] 143] [44] [45] 146] This work
Putine  wz* 50 (200) ° 41.8 (239)
38 (263) 37.9° 37.1.(170)  38.7(258)
nm* 34 (294) 345(290) 31.4(318) 39.0 (256)
Adenine »z* 371 Q7007 392255 ° (77K, 40.7(264) 40.9(245) 41.0(244) 39.1(255) 37.1(269) 37.9(264)
9-H) this work)
36.4(275) 364(275) (this work) 38.7 (258) 40.0(250) 4025 (248) 37.5(267) 35.6 (281) 36.7(272)
nr* 33.0(304) 43.8(228) 38.2(261) 38.8(258) 36.0(277) 35.3(283) 34.5(289)
: 30.2 (331) 32.5 (308)

* Ref. 44. © Ref. 42. © Refs. 15 and 16. 4 Ref. 7. © Ref. 2; all energies are expressed in cm ™! x10~3 with the corresponding

- wavelength (in nm) in parentheses.
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lowest energy excitation may be better described
as an intermolecular charge transfer in the specific
geometry of the adenosine crystal in which the
NH, group of one adenosine molecule lies ap-
proximately above the midpoint of the C,—C;
bond of another: for this case, the calculation
procedure of Srivastava and Mishra would be
inappropriate. The HAM /3 method has been used
successfully to correlate ionization energies in a
photoelectron spectroscopic study of adenines [47).
The results are clearly sufficiently close to experi-
ment to encourage further computations.

In retrospect, the reasons for the previous in-
ability to detect the lowest (n#r*) transition may
be seen from the experimental and theoretical
work reported here, namely, that the transition lies
quite close to a (solvent-sensitive) (7 *) absorp-
tion and perhaps more importantly has an oscilla-
tor strength of approx. 5 x 107* (HAM/3) while
purine is an order of magnitude stronger at 3.5 X
1073 [39]. It is worth noting that a weak ‘tail’
absorption extending to 320 nm has been ob-
served for sublimed films of adenine [48].

4.5. Impurity effects

In work such as that described here we have
been concerned that we could be observing impur-
ity effects, however, there are several reasons why
we believe this is not a satisfactory explanation.
First, the phosphorescence emission peaks clearly
correlate with earlier observations from dilute
organic glasses and the same emission is observed
on excitation in the strong ##* band at 270 nm
(fig. 3b). Unless the impurity by chance happens
to have the same emission bands as adenosine, the
possibility of emission by the impurity must be
ruled out. Second, the change in emission spectra
with excitation wavelength is not a shift in the
emission wavelength. What does change is the
distribution of intensities among the various
vibronic peaks. This provides evidence for the
existence of two emitting states (conformers per-
haps?) of adenosine, and excitation transition B is
not explicable as resulting from energy transfer
from an absorbing impurity unless it selectively
populates only one of the emitting states, a rather
unlikely process for which we can see no rationali-

zation. Third, the excitation spectrum for transi-
tion B has a vibronic splitting characteristic of the
Raman spectrum of adenosine. Fourth, we have
recently analyzed the adenosine for impurities by
HPLC separation of an aqueous solution and only
one elution peak was observed [49].

More complicated impurity models can be pro-
posed, such as attributing excitation transitions A
and B to two different impurities, only one of
which by coincidence happens to be found in
poly(rA) (normally expected to be less pure than
adenosine). However, all explanations based on
the presence of an impurity encounter the prob-
lem of selective population noted above.

Although none of these considerations is indi-
vidually conclusive, collectively they constitute
good reasons for regarding the observed behavior
as being intrinsic rather than impurity-controiled.
Further work is planned using single crystals and
dilute organic glasses.
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