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Abstract: The adenosine derivativ®,Né-dimethyladenosine (DMA) shows dual fluorescence in solvents of different
polarity. In addition to the “normafluorescence at 330 nm, another band is observed at 500 nm. The long wavelength
emission dominates in aprotic solvents but is dynamically quenched by protic solvents. Steady-state and lifetime
measurements show that the emissions originate from two excited state species; the short wavelength emission is
from the directly populated excited state which irreversibly isomerizes into the species responsible for the long
wavelength emission. It is conceivable to assign the long wavelength emitting species to a twisted intramolecular
charge transfer state (TICT). The fluorescence quantum yield of the short wavelength emission is approximately 4
x 10~* at room temperature and increases by three orders of magnitude when the temperature is lowered to 80 K
in accordance with the behavior of normal nucleic acid bases. In contrast, the long wavelength fluorescence quantum
yield is almost temperature independent. The different photophysical processes for DMA are summarized into a
kinetic scheme where the temperature quenching of the short wavelength fluorescence is exclusively through
isomerization into the long wavelength emitting species. Direct internal conversion to the ground state, commonly
believed to be the dominant process for nonradiative deactivation of the DNA bases, makes a negligible contribution
for DMA.

Introduction cal properties are otherwise simifarThe lowest absorption
band of adenine at 260 nm derives most of its intensity from
two close lyingz — x* transitions?~11 Quantum mechanical
calculations place one or motar* states in the same energy
region as the lowestzz* state’® No direct experimental

observation of a low-lying m* state in adenine has been

Excited state lifetimes of the normal nucleic acid bases are
very short at room temperature, which has been attributed to
an extremely rapid internal conversibrf. This makes the bases
and the polynucleotides almost non-fluorescent with fluores-

cence quantum yields of 10 or less: The photophysical presented? but comparison with other purine derivatives makes

properties of the nucleic acid bases are important for a its oresence hidden under the main 260-nm band verv plau-
mechanistic understanding of the DNA photochemistry. Yet, p14 ! u nal : very plau
sible!* For example, from polarized absorption experiments

no mechanism for the suggested rapid internal conversion has

been experimentally verified. The prevailing explanation is the purlnes i/(\ﬁ/as shown to have gm’nstate as its lowest 'smglet'
near degeneracy of the lowdstr* and lzxr* states that can state!>16and the second excited singlet state of 2-aminopurine

i ifi 17,18 i
lead to an enhancement of the nonradiative decay throughhas alsp been 'def‘“f'ed as am*rst_ate. . The photophysical
vibronic interaction between the stafe@ properties of purine and 2-aminopurine are understood by

classical state rule’$;purine has a phosphorescence quantum

HsCo _CHs yield close to 1 in rigid organic glass, and 2-aminopurine has a
NT high fluorescence quantum yield as expected for molecules with
7 2 Inz* and Lzr* stat heir | ing| ited

N— N1 r* and lza* states as their lowest singlet excited states,
PSEr respectively. Adenine, for which the lowestr* and lma*

oN “3‘ states are predicted to be nearly degenerate, shows weak
HOCH; o fluorescence and weak phosphorescence at 8&°K.
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Complex fluorescence has been reported from nucleic acid excitation), and the quantum yields are corrected for differences in
bases in a number of cases. Either multiple emission bands orrefractive index. The fluorescence excitation spectra were measured
multicomponent lifetime&-24 were observed. Dinucleotides —©N sar_nples.with _maximum absorbance less than 0.1 in order to ayoid
and polynucleotides show exciplex and/or excimer fluorescence Inner filter distortion. L(_)W-_temperature measurements were done in a
from stacked nucleobase structures; in addition to the monOmerte_mperature-controlled liquid2¢ryostat (Oxford Instrument_s D.N 1704
fluorescence around 38830 nm, a longer wavelength emission with temperature controller DTCZ). Ph_osphorescence Ilfetlmes were

27 .. measured by manually closing the excitation shutter while recording
was observeé 2" Other sources for fluorescence heterogeneity e emission intensity (response time of about 0.1's). The fluorescence
are the existence of minor tautomeric foffhand protonated jifetimes were measured by time-correlated single-photon counting,
specieg? From energetic considerations the only likely tau- using a nitrogen filled flash lamp (Oxford instruments) as the excitation
tomeric species for adenine in the ground state involves the 7H source®® A diluted silica sol scattering solution was used as a reference.
9H prototropic tautomer® and this possibility is ruled out by ~ The fluorescence decays were analyzed by convolution of the excitation
investigating the 9-methylated derivative or the corresponding pulse and multiexponential fitting of the fluorescence decay with the
nucleoside. Still Ballini et al. observed three components in Globals softwaré? This setup has an estimated time resolution of better
the time-resolved emission spectra of adenosine and twothan 100 ps.
components for DMA! All three components for adenosine
were found to have different excitation spectra and were
therefore assigned to different ground-state speciies two The material is organized as follows. (i) Room temperature
rotational conformers of the exocyclic amino group and one fluorescence measurements of DMA in aprotic solvents show
minor protonated species. The relative contributions from the two distinct peaks; the “normal” short wavelength (B-stéte)
three components were not given, although the short-lived fluorescence at about 30 000 th(330 nm) from the directly
component with fluorescence at short wavelength dominated. populated excited state and the long wavelength (A-state)

This paper intends to show that in addition to the normal fluorescence at about 20 000 th(500 nm). (ii) The A-state
adenine-like fluorescence, DMA has a second long wavelengthfluorescence is quenched by protic solvents and its peak
emission that is associated with a conformationally distorted wavelength is solvent sensitive. The quenching is dynamic with
species formed in an excited state reaction. Twisting of the a near diffusion controlled rate. (iii) The B-state fluorescence
exocyclic dimethylamino group and partial charge transfer from quantum yield is strongly dependent on temperature and
the dimethylamino group to the purine moiety is the most likely increases 1000-fold between room temperature and 80 K. DMA
process for forming the conformationally distorted species. It also shows phosphorescence in vitrified organic glass with a
is also suggested that conformational isomerization in the excitedquantum yield similar to the fluorescence quantum yield. In
state is a possible mechanism for the very efficient radiationlesscontrast, the A-state fluorescence is almost independent of
deactivation of this DNA base derivative. temperature. (iv) The time-resolved fluorescence of DMA is
analyzed globally as a function of emission wavelength and
supports the motherdaughter relation between the B- and

Chemicals. N,Né-Dimethyladenosine (DMA) was purchased from A-states. (v) The obse_rvat!ons are Summarlze_d in a kinetic
Sigma and used without further purification. Aqueous solutions were S(_:ht_eme Whe_re t_he relative |mpqrtance of the d|f_feren_t nonra-
prepared from deionized water (Millipore), and all organic solvents diative deactivation channels (triplet formation, direct internal
were of spectrophotometric grade [acetonitrile (ACN) and 1,4-dioxane conversion, and isomerization to the A-state) are discussed.
(dioxane) from Merck and dimethyl sulfoxide (DMSO) from Jansen]. (i) Dual Fluorescence from DMA in Different Solvents.
2-Methyltetrahydrofuran (2MTHF) from ACROS contained hydroxy- Figure 1 shows the absorption and fluorescence emission spectra
toluene (1%) as a stabilizer, which was removed by fractionated of DMA in H,0O, ethanol, ACN, and dioxane. The absorption
distillation immgdigtely before use. All solvents were checked for spectra are very similar in the different solvents and the peak
background emission. _ wavenumber for the lowest electronic absorption band is 36 300

Absorptlon and Emission Mea_surements.Absorptlon spectra were o1 The emission spectrum shows two peaks: one at around
measured with a CARY 4B UV/vis spectrometer. Steady-state emission 30 000 cr? (B-fluorescence) and one at lower energy around

measurements were performed on a SPEX fluoradgpectrofluo- .
rimeter. Quantum yields of fluoresceneg)(were determined relative 20 000 cm* (A-fluorescence). In contra_lst to the abs_orptlon
to the quantum yield of an argon purged solution of 2,5-diphenyloxazole P0th the A- and B-fluorescence are sensitive to change in solvent
(PPO) in cyclohexane = 0.85)3 The measurements were performed  Polarity. The fluorescence characteristics are summarized in
on optically matched samples (same absorbance at the wavelength offable 1, where it is clearly seen that the emissions are red
shifted in polar compared to less polar solvents. In addition,
the fluorescence quantum yield for the A-fluorescence but not

for the B-fluorescence depends strongly on solvent. The

Results

Materials and Methods

(21) Ballini, J. P.; Vigny, P.; Daniels, MBiophys. Cheni983 18, 61—
65.
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131-142. _ A-fluorescence quantum yield is a factor of 10 smaller in the
52(52%)4'2'99'”' R.; Claesens, F.; Kristensen,Abal. Instrum.1985 14, protic solvents (Table 1). The shape of the emission spectrum

in all different solvents is independent of the excitation

wavelength, and the shape of the excitation spectrum is
superimposable on the absorption spectrum and is, likewise,
independent of the emission wavelength. The shapes of the
emission spectra in general and the relative quantum yields of
the A- and B-fluorescence in particular are independent of the
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Table 1. Fluorescence Characteristics for DMA at Room Temperature (293 K)

solvent &? np? VapdCm1 veg/lom ! vealcm 1 Dpp Dpp Tra/NS
H.,O 80.4 1.333 36 300 28 180 17 600 X510 2.6x 10 b
DO 80.4 1.333 36 300 28 180 17 600 x41074¢ 3.4x 104 b
DMSO 47.2 1.478 36 300 29 670 20 160 504 46x 103 b
ethanol 25.3 1.361 36 300 29 390 18 800 2.804 4.7 x 1074 b
ACN 37.5 1.342 36 300 29 085 19 400 AN0°4 2.7x 1073 0.71
2MTHF 6.97 1.406 36 300 30 140 20 400 48104 5.2x 1078 1.15
dioxane 2.22 1.422 36 300 30 060 20 300 5104 6.2x 1073 1.27

aReference 52° Not determined® Uncertain due to high background emission.
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Figure 2. Fluorescence quenching of DMA in dioxane byGH The
: . . . . . . concentrations of kO are (from top to bottom) 0, 0.42, 0.88, 2.22,

' ' ' ' \ ' 4.75, and 9.76 M. Unavoidable Raman and Rayleigh scattering peaks

Dioxane from the solvent are labeled R.
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Figure 1. Fluorescence (right curve) and absorption (left curve) spectra =]
of DMA in H;0, ethanol, ACN, and dioxane. The fluorescence was <
excited at 36 400 cni for H,O, ethanol, and ACN solutions and at 33 i 10

900 cntt for the dioxane solution. Unavoidable Raman and Rayleigh
scattering peaks from the solvent are labeled R.

solute concentration (18—107%M). These results indicate that
the A-fluorescence originates from an excited state reaction
which is independent of solute concentration and that the A-state 0 .
is formed in solvents of different polarity. The excited precursor 0 4 8 12
to the A-state is presumably the directly excited B-state and [Qr/m
the B to A conversion is likely to be an intramolecular process. Figure 3. Modified Stern-Volmer plot of DMA in dioxane quenched
(i) The A-State Fluorescence Is Quenched by Protic by H,O (®) and methanoll).

Solvents. The quantum yield of the A-fluorescence is signifi-
cantly smaller in the protic solvents than in aprotic solvents as The quenching of the DMA A-fluorescence with protic
seen in Table 1. In Figure 2 the fluorescence spectra of DMA solvents follows normal SterrvVolmer?® behavior at low
in pure dioxane and in dioxane/8 mixtures are shown. Upon  quencher concentration, i.e. the inverse of the fluorescence
addition of HO the intensity of the A-fluorescence decreases intensity and lifetime increase linearly with quencher concentra-
while the intensity of the B-fluorescence remains constant. No tion. However, at high quencher concentration significant
significant effects were detected on the absorption spectra ofnegative deviation from a straight line is noted. Even in pure
the same samples. The lifetime of the A-fluorescence decreasesvater and methanol DMA shows A-fluorescence, albeit much
in parallel to the intensity showing that the A-state is dynami- weaker. In Figue 3 a modified SteraVolmer plo€” is shown
cally quenched by bD. A similar behavior was found when
adding methanol (o DMA in dioxane.  These measurements , G = o7 = P K101 =1 rdQ) wrerel ) anl (1)
suggest that the protic solvents primarily quench the A-state respectively. For a derivation of the Sterdiolmer equation see ref 38.
but influence the B- to A-state conversion only marginally. The (37) For samples where the quenched species show residual fluorescence
quantum yield of the B-fluorescence is independent of quencherthe measured inteEsitiels) @re related to the quencher concentration ([Q])

. . . by (Io — DN/(I — l») = K[Q], wherelp andl. are the fluorescence intensities
concentration (Figure 2), which shows that the B- to A-state iy pure solvent and in pure quencher, respectively, Krid the normal
conversion is irreversible. Stern-Volmer constant.
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100 .
205-150 K 130K At 80 K, where 2MTHF forms a solid glass, phosphorescence
o . of similar magnitude as the B-fluorescence is also observed.
35000 30000 25000 20000 15000 The strong temperature dependence of the B-fluorescence is

contrasted by the very weak dependence shown by the A-
fluorescence (Figure 4). The quantum yield of the A-

Figure 4. Temperature dependence of the DMA emission in 2MTHF  ,4rescence is essentially constant between 295 and 150 K. It
(295-80 K). The top panel shows spectra at temperatures above 130increases slightly at 130 K, and at lower temperatures it is

K on a magnified scale. The dashed lines show Gaussian fits to the. ible t ve due to it K . . to th
A-fluorescence bands (see text). Unavoidable Raman and Rayleigh'mposs' € 1o resolve due 1o Its weakness In comparison 1o the

scattering peaks from the solvent are labeled R. B-fluorescence.

A similar temperature dependence was observed for the
where the measured intensities are compensated for the residugmission from DMA in a 9:1 ethanol/methanol mixture which
fluorescence intensities in methanol andOH The Stern-  forms a stable glass at 110 K (not shown). There, however,
Volmer constantK, for DMA in dioxane quenched by 1@ the intrinsic temperature dependence of the A-fluorescence is
and methanol is 2.0 and 1.8 M respectively. Knowledge of  obscured by changes in diffusion-controlled quenching by the
the A-fluorescence lifetime in dioxane (Table 1) allows calcula- solvent and, thus, a larger temperature effect than in 2MTHF
tion of the corresponding bimolecular quenching constdgts, ~ was observed.

They are found to be 1.6 10° and 1.4x 1® M~1 s for H,O Figure 5 shows the temperature dependence of the B-
and methanol quenching, respectively. This shows that the fluorescence quantum yield in 2MTHF. The B-fluorescence
guenching of the A-fluorescence is nearly diffusion controlled. lifetime is also plotted for temperatures below 150 K. Figure
Undoubtedly the A-state energy, as measured by the spectrab also shows inserted the temperature dependence of the
position of the fluorescence maximum, is sensitive to solvent B-fluorescence analyzed as a simple one pathway Arrhenius
polarity. Table 1 shows the spectral positions of the fluores- activated radiationless deactivation. This will be discussed
cence maxima for the A- and B-fluorescence. Both the A- and together with the suggested kinetic model below.
B-fluorescence are red shifted with increasing solvent polarity,  (iv) Fluorescence Lifetimes. The lifetime of the B-fluores-
indicating a larger dipole moment in the respective excited statescence of DMA at 80 K in 2MTHF is 2.0 ns. It decreases in
compared to the ground state. The red shift is slightly larger parallel to the fluorescence quantum yield when the temperature

v/cm™

for the A-fluorescence. is changed between 80 and 150 K, showing that the radiative
(iif) Temperature Dependence of the A- and B-Fluores- rate constantdg is independent of temperature. The lifetime

cence. The fluorescence quantum yields for DMA at room at room temperature estimated from the changes in the

temperature are very small, of the orderx4 107 for the fluorescence quantum yield i8s(293 K) ~ 2 ps, i.e. too short

B-fluorescence and & 10-23 for the unquenched A-fluorescence to be accurately resolved by our equipment. The A-fluorescence
(Table 1). This is a common feature of all the normal nucleic on the other hand is fairly long-lived at room temperature, e.g.
acid bases, for which the quantum yields at room temperaturetea = 1.15 ns in 2MTHF (Table 1). Table 2 summarizes an
are between 5< 107° and 1 x 10* Figure 4 shows the  attempt to globally analyze the fluorescence decay as a function
fluorescence emission of DMA in 2MTHF at different temper- of wavelength for DMA in ACN at room temperature. Two
atures between 295 and 80 K. The upper panel shows the high-components with varying contributions at different wavelengths
temperature spectra (29430 K) on a magnified scale. In order are identified: one short lived associated with the B-fluorescence
to resolve the A- and B-fluorescence contributions to the and one with a longer lifetime associated with the A-
observed emission spectra, the former was fitted to a Gaussiarfluorescence. As expected, the short-lived component dominates
band shape (dashed line in the upper panel of Figure 4). Atthe decay at short wavelengths and the long-lived component
room temperature the A-state fluorescence is about 10 timesdominates at long wavelengths. In addition, it is seen in Table
stronger than the B-fluorescence, at 200 K they are of similar 2 that the short-lived component has a negative preexponential
magnitude, and at lower temperatures the B-fluorescencefactor for long-wavelength emission as expected for an excited
dominates. The B-fluorescence, thus, depends strongly onstate reaction B> A. A similar behavior was found for DMA
temperature and increases 1000-fold between 295 and 80 K.in 2MTHF at 150 K and for DMA in dioxane at 290 K.
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Table 2. Fluorescence Lifetimes of DMA in ACN at 2932K

Aer/NM

360 420 460 500 540 580
o 6.5 1.74 0.67 0.33 -0.17 —0.26
T1/ns 0.05+ 0.05
f,P 0.44 0.17 0.10 0.08 0.04 0.06
o2 0.69 1.00 1.26 1.50 1.03 1.63
72Ins 0.714+0.01
2 0.56 0.83 0.90 0.92 0.96 0.94

aThe emission decays were fitted globally to a biexponential
expression:1(t,A) = ou(l) exp(—t/t1) + oz(L) exp(tizz) where the
two lifetimes ¢, andz,) were linked and the preexponential factors
(ou and ay) varied freely.” Fractional intensities calculated for an
irreversible excited state reaction;12: fi(A) = 272 [(au(1) + 02(1))/
(o)1t + ox(A)r1H] and f(A) = [(a(A)(r17t — 27 Y)Y/ (0u(A)T22
+ ax(2)t17Y)]. ¢ The short lifetime is inaccurate due to instrumental
limitations.

B
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Conformational Triplet
A ’ijizjlf’ns‘ \ formation
kpa(T) kin kg T
Kra Kuua kpg
— AR I T/

So
Figure 6. Proposed photophysical model for DMA. Values of the five
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whereE, is the activation energy an#l is the preexponential
factor for the B— A process. A plot of Irkga (T) vs 1/T yields
the straight line inserted in Figure 5 with= 5.4 x 1013 s!
andE; = 2.5 kcal/mol.

Since the B— A process is irreversiblev{de suprg the
observed fluorescence quantum yield of the A-stabea] is
simply the intrinsic quantum yieldd§,™) times the quantum
yield for A-state formation ®ga)

Kea kea(T)
(kea + Kara) (Keg + ke + Kea(T))

At T = 130 K the deactivation of the B-state is dominated
by isomerization to the A-state and, consequeniig, ~ 1.

The observed quantum yield for A-fluorescence is essentially
temperature independent (Figure 4) in spite of the greatly
varying rate for A-state formation. This is consistent with the
proposed kinetic model because at temperatures where the
A-fluorescence is observed & 130 K) the formation is almost
guantitative (Pga &~ 1) and the intrinsic quantum yieldb™)
varies only slightly with temperature. The rate constants for
fluorescencekea) and nonradiative deactivatiofsfs) of the
A-state are found from measurements of the lifetime and
guantum yield of the A-fluorescence. At room temperature in
2MTHF we find ®ga = 5.2 x 103 andtga = 1.15 ns (Table

1), which giveskea = 4.5 x 10 s71 andkya = 8.7 x 10° s,

In kga(T) =

Ppp = (Di/gtq)BA =

temperature independent rate constants and Arrhenius parameters for

the temperature dependentB A isomerization reaction are given in
the text.

(v) Kinetic Model. The observed photophysical behavior
of DMA is summarized by the energy level diagram in Figure
6. After excitation to the B-state three competing deactivation

processes of the B-state are considered: direct fluorescenc

(keg), triplet formation krg), and conformational isomerization
into the A-stateKga). It will be shown below that all present

observations are consistent with this kinetic scheme where the
B- to A-state conversion is the only temperature-dependent

process.

At 80 K in 2MTHF glass the quantum yields of B-state
phosphorescence and fluorescencedsg = &g = 0.5. The
fluorescence and phosphorescence lifetimestase= 2.0 ns
and rpg = 5.2 s, which give the radiative rate constants for
fluorescence and phosphorescence from the B-gtates 2.5
x 10® st andkpg = 0.19 s (Figure 6). The fluorescence

Discussion

The A-Fluorescence Is Due to an Excited State Reaction.
When two emission bands are observed from a sample it is either
due to two different ground state species or one single species
that undergoes a photophysical or photochemical transformation,
i.e. an excited state reactiéh.In the case of DMA, since the

luorescence quantum yield is very small at room temperature,
the possibility to detect emission from either minor impurities
or a less stable ground state species related to DMA has to be
considered. The A-fluorescence, being the unusual fluorescence
from DMA, is separated from the absorption by more than
15 000 cnT?. If an impurity or a different ground state species
were responsible for the A-fluorescence one would expect its
excitation spectrum to be different from the excitation spectrum
of the B-fluorescence. Since the A- and B-fluorescence bands
are so well separated, the corresponding absorption spectra of
these two (hypothetical) ground state species would also be well
separated and it should have been possible to excite the

and phosphorescence quantum yields add up to unity, showingA-fluorescence at wavenumbers well below the normal absorp-
that direct nonradiative return to the ground state is negligible tion spectrum of DMA. In reality the excitation spectra match

at 80 K. Consequently, at this temperature triplet formation is exactly, and they also match the absorption spectrum within
the only process that competes with fluorescence from the experimental limitations. No A-fluorescence at all is observed

B-state andkrg = TFB_l — keg = 2.5 x 108 s? (Figure 6)

for excitation wavenumbers below 30 000 Thnot even in

At higher temperatures the fluorescence from the B-state is concentrated solutions. Of course two different ground state

quenched by an additional deactivation mechanism: the B to

A state conversion. With the proposed kinetic scheme the
fluorescence quantum yield of the B-state is given by

Keg

@ =
ke kFB + kTB + kBA(T)

Rearranging this equation, assumikig and krg to be inde-
pendent of temperature, and assumikg(T) to have an
Arrhenius type temperature dependence yields

species might have exactly the same absorption spectra, but in
that case one of these species has a world-record Stokes shift
of at least 15 000 cmt. We consider this possibility as less
likely.

The A- and B-fluorescence have different lifetimes wita
= 1.15 ns andrgg < 100 ps for DMA in room temperature
2MTHF (Table 2). The quick decay of the B-state is detected
as a risetime of the A-fluorescence, i.e. with a negative
preexponential factor, when the time-resolved fluorescence as

(38) Lakowicz, J. RPrinciples of Fluorescence Spectroscppyenum
Press: New York, 1983.
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a function of wavelength is analyzed globally. This is another and, thus, the dimethylamino group of DMA is likely to be

indication for an excited state reaction rather than heterogeneitysomewhat twisted in the ground state. A number of charac-
in the ground state, which also would yield two lifetimes but teristic features found for the TICT emission agree with the
with positive preexponential factors at all wavelengths. The present observation of the A-fluorescence. It is therefore
decay times deduced from the analysis are associated with theempting to assign the A-state of DMA to be a TICT state.

intrinsic decays of the A- and B-states since the excited state However, the A-fluorescence quantum yield of DMA is largest
reaction is found to be irreversible. in the least polar solvents, and the emission maxima for the B-

The Excited State Reaction is Intramolecular. DMA does and A-fluorescence are both red shifted almost equally by
not seem to decompose and no new features in the absorptioincreased solvent polarity. These observations are not fully in
or emission spectra have been detected after hours of illumina-accordance with the normal TICT model, and further investiga-
tion in the spectrofluorimeter. It is therefore not expected that tion of solvent effects ofN®,N°-dimethyl-9-ethyladenine comple-
the excited state reaction produces a new stable chemicalmented by quantum mechanical calculations are underway in
species. The intensity of the A-fluorescence does not dependorder to resolve this issug.
on solute concentration in the range"38107% M, why it is Adenosine Decays Nonradiatively through the A-State?
unlikely that bimolecular complexes in the ground state or In the suggested kinetic scheme (Figure 6) the quenching of
complexes formed in the excited state (exciplex or excimer) the B-state at temperatures above 130 K is dominated by
are responsible for the A-fluorescence. The latter is also isomerization into the A-state followed by a nanosecond decay.
unlikely due to the very short lifetime of the precursor B-state However, the prevailing view of the adenosine (and other
at room temperature. In summary it is concluded that the nucleosides) photophysics is that the ground state is recovered
A-fluorescence is due to aimtramolecular excited state  within picosecond$:44849 If this is true for DMA a direct
reaction but no ground state species related to the A-state hasreturn from the B-state to the ground statempetingwith the
been observed. The reaction is irreversible in the excited state ,A-state formation has to be included in the kinetic scheme and
at least at the conditions used in the quenching experimentsjust a small portion of the molecules primarily excited into the
(Figure 2). B-state converts to the A-state. In that case since the lifetime

Twisted Intramolecular Charge Transfer—TICT? It is of the B-state is estimated to be only a few picoseconds, the
important to find out the nature of the observed intramolecular A-state formation has to have a rate constant of at less 10

excited state reaction for DMA, in particular since the A-state at room temperature in order to yield the observed A-
is long lived in comparison with the directly excited B-state fluorescence quantum yield. This is an acceptable model if only
and might be a potential precursor state for photochemistry. Also the room temperature measurements were at hand. Now, the
since the temperature quenching of the primary excited statefluorescence quantum yield and lifetime of the B-state increase

(B-state) is proposed to occur via the A-state, its properties needas the temperature is lowered, i.e. the rate for the anticipated
to be thoroughly investigated. competing direct internal conversion decreases. To have both

simple one-exponential Arrhenius behavior of the B-fluores-
cence quantum yield (Figure 5) and a constant A-fluorescence
guantum yield would require the A-state formation to have the
same temperature dependence as the anticipated direct internal
conversion, i.e. the same activation energy. Otherwise, an
increased A-fluorescence at lower temperatures would have
resulted. This coincidence that the A-state formation is
thermally activated with the same activation energy as the

toward solvent polarity: for DMABN the emission maximum radiationless decay of the B-state led us to believe the two
red shifts and the rate of TICT state formation increases with PrOC€SSes were coupled, i.e. they are one and the same process.
increasing solvent polarity. In addition it is found for many ~ The kinetic scheme proposed in Figure 6 is the simplest
heteroaromatic molecules in general, and the TICT molecules possible that explains the different emissions and their temper-

in particular, that the fluorescence is quenched by protic ature dependence. Of course it is possible to suggest a more
solvents. complex scheme and future measurements might require that.

The rate constants concluded for DMA in 2MTHF are all of
reasonable size. The radiative rate constis, for fluores-
cence from the B-state is related to the size of the transition

Since the first observation by Lippétof dual fluorescence
from 4-(dimethylamino)benzonitrile (DMABN) and the assign-
ment proposed by Grabowski and co-work@tkat the unusual
long wavelength fluorescence was due to a charge transfer from
the dialkylamino group to the benzonitrile moiety followed by
twisting of the dimethylamino group, a number of molecules
have been suggested to have this so-called TICT emié5i@n.
One characteristic feature of the TICT emission is its sensitivity

The dual fluorescence from 4-(dialkylamino)pyrimidines has
been accounted for by the TICT mechani&nf® 4-(Dimethy-
lamino)pyrimidine and DMA are structurally related, sharing . " )
the pyrimidine core. For the 4-(dialkylamino)pyrimidines it was d'nge monlent of thg & S transition, and its vaIue_,}l.iE
found that ortho substitution increased the rate of TICT state 10 __Cmso— 3.2 D, 1S reasonable for an allowed —~
formation, and this has been explained by the larger ground transition®® The r_ad|at|ve rate constant for the _B-state phos-
state twist of theN,N-dimethylamino group (pretwistf In phorescenceles, Is related to the §— Ty transition. The

o : . hosphorescence from purine derivatives has been shown to
DMA the imidazole part acts sterically as an ortho substituent P
P y originate from &(zr*) stateé~16and the very small rate constant

(39) Lippert, E.Z. Naturforsch.1955 10A 541545 for phosphorescence reflects the very low transition probability.
(40) Rotkiewicz, K.; Grellmann, K. H.; Grabowski, Z. Rhem. Phys.

Lett. 1973 19, 315-318. (47) Holm@n, A.; Albinsson, B. Unpublished material.
(41) Rettig, W.Angew. Chem., Int. Ed. Engl986 25, 971-988. (48) Nikogosyan, D. N.; Angelov, D.; Soep, D.; Lindgvist, Chem.
(42) Bhattacharyya, K.; Chowdhury, MChem. Re. 1993 93, 507— Phys. Lett1996 252 322-326.

535. (49) Oraevsky, A. A.; Sharkov, A. V.; Nikogosyan, D. Bhem. Phys.
(43) Herbich, J.; Grabowski, Z. R.; Viftowicz, H.; Golankiewicz, KJ. Lett. 1981, 83, 276—280.

Phys. Chem1989 93, 3439-3444. (50) The radiative rate constant is approximately related to the transition
(44) Herbich, J.; Salgado, F. P.; Rettschnick, R. P. H.; Grabowski, Z. moment (o) by the following expression:kr = (647%3h)(1/4meo)-

R.; Wgtowicz, H J. Phys. Chem1991], 95, 3491-3497. nr3maMoi®, Wheren is the refractive index of the solventp is the
(45) Herbich, J.; Karpiuk, J.; Grabowski, Z. R.; Tamai, N.; Yoshihara, permittivity for vacuum, and/max is the maximum wavenumber of the

K. J. Luminesc1992 54, 165-175. fluorescence band. Birks, J. B2hotophysics of Aromatic Molecules

(46) Herbich, J.; Waluk, XChem. Phys1994 188 247-265. Wiley: New York, 1970; p 48.
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The radiative rate constant for fluorescence from the A-state is The low fluorescence quantum yield and short lifetime of
kea = 4.5 x 1P s71. This corresponds to a forbidden singlet  the primary excited state of DMA is proposed to be due to an
singlet transition with a transition moment of 0.8 D in keeping excited state reaction into a conformationally distorted species,
with the observations of TICT fluorescence from other mol- the A-state, which acts as a bottle-neck for ground state recovery
ecules*! The forbidden nature of the charge transfer transition with a nanosecond lifetime. Is this a general mechanism for
involved in the TICT fluorescence has been explained by the the radiationless deactivation of other DNA bases and in
small overlap between two orbitals located on differergys- particular for adenosine? The “common” observable photo-
tems for the twisted geometfy. The nonradiative rate constant  physical properties for adenosine and DMA are the temperature
for the A-state comprises both internal conversion and inter- dependence of the lifetime and quantum yield of the directly

system crossing and dominates the decay of the A-#ater excited states and these are clearly related. However, no unusual
8.7x 1B s long wavelength emission is observed for adenosine under the

fluorescence, triplet formation, and isomerization into the Pecause the A-state is more efficiently quenched in adenosine
A-state. The radiative rate constant for fluorescence was shownOf N0 A-state is formed. The latter would require a totally
to be approximately independent of temperature between 80 anodn‘fen_ent mechanism for radla}tlonlgss deactivation in adenosine
150 K, and since no obvious change in the absorption spectrumthan n DMA presumably dlre_ct |nt'erna| conversion, or that
with temperature is observed between 80 and 295 K, it is a the dea9t|vat|o_n and conformational isomerization processes are
reasonable assumption that is independent of temperature. re_Iat_ed ina stl_II unknown way. Further research will resolve
Triplet formation is usually not dependent on temperature, but this important issue.

some cases have been reported where the triplet formation isConclusions

thermally activated due to the near degeneracy;cr@l T,.5!

For different purine derivatives it has been argued that the ratey,,
constant for triplet formation is essentially independent of
temperaturé. No measurements on DMA have been performed
to verify thatkrg is constant, but it seems to be a reasonable
assumption in comparison with other purines. Furthermore, if
the rate of triplet formation increased with increasing temper-
ature it would compete with A-state formation and the same
arguments that were used to rule out direct internal conversion
should be valid in this case too. Finally, the concluded
parameters for the thermally activated A-state formattors

5.4 x 108 5! andE, = 2.5 kcal/mol, seem reasonable for a Acknowledgment. | am grateful to Dr. Kjell Sandros and
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of DMA was shown to occur exclusively through the A-state
at room temperature. The transformation from the B- to the
A-state was thermally activated with an Arrhenius activation
energy of 2.5 kcal/mol. Charge transfer from the dimethylamino
group to the purine ring followed by twisting, the so-called TICT
mechanism, was suggested as a likely candidate to account for
the A-state.
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