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a b s t r a c t

The nucleoside cytidine (C) assembles in extended hydrogen-bonded aggregates in neat apolar solvents
like n-hexane, when carrying inert hydrophobic groups at the 2′,3′,5′-oxygen atoms of the ribose moiety.
The ensuing structures, which constitute model systems for DNA super-structures such as triplexes or
quadruplexes, were elucidated by FTIR spectroscopy and further characterized by UV spectroscopy. The
lifetimes of the optically excited electronic states of the aggregates were investigated using femtosecond
eywords:
ytidine
NA base pairs
ydrogen bonding
elf-assembly
luorescence
lectronic relaxation

UV fluorescence up-conversion spectroscopy. Time profiles were measured after excitation at a number
of pump wavelengths between 296 nm ≥ �pump ≥ 262 nm. The bi-exponential decay curves were charac-
terized by time constants (with 2� error limits) of �1,C = 0.58(1) ps (88–95% fractional amplitudes) and
�2,C = 19.4(13) ps (12–5%) independent of the pump wavelength. The results indicate that the C multimers
compared to the monomer do not gain photostability by coupled excited-state electron–proton transfer
in the H-bonded networks, in contrast with recent findings for G·G and the G·C Watson–Crick dimer.

© 2009 Elsevier B.V. All rights reserved.

adiationless transitions

. Introduction

The structure and shape of DNA is not limited to a single, unique
ouble helix form, but can show variations depending on the base
equence and on external factors. It is well known, for example,
hat there are several duplex structures (e.g., A- or Z-type DNA)
ext to the normal B-type double helix differing in diameter, heli-
al repeat, and twist angle [1,2]. In addition, sequences that are rich
n homopurine and homopyrimidine repeats can form DNA super-
tructures like triplexes or quadruplexes [3–5]. The latter arise from
uanine-rich sequences in eukaryotic centromeres and telomeres,
hich play decisive roles for cellular senescence, growth arrest,

nd apoptosis [5]. In DNA triplexes, a third oligonucleotide strand
inds to the purines of the Watson–Crick (WC) pairs of a double
elix in a (reverse-)Hoogsteen pattern, leading to the so-called H-
NA motif [6]. Furthermore, the so-called i-motif DNA arises by
he association of two duplexes with tracts of hemi-protonated
ytosine–cytosine base pairs [7,8]. It is believed that the highly spe-
ific recognition of a target duplex sequence may cause site-specific
lterations and site-directed mutagenesis [6,9]. On the other hand,
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the precise recognition of a target duplex on triplex formation offers
therapeutic potential, and information on the involved hydrogen-
bonding (H-bond) networks is therefore of substantial interest in
drug design [6,10–12].

Recent direct time-resolved experimental investigations of the
ultrafast electronic deactivation dynamics of isolated H-bonded
DNA base pairs in solution revealed that the guanosine–cytidine
(G·C) WC pair displays a strongly reduced fluorescence lifetime
of the optically excited state compared to C or G on their own
[13,14]. The H-bonds between the complementary strands in a
G·C-containing double helix may also contribute to the photo-
dynamics and stability of duplex DNA [15]. As homopurine and
homopyrimidine pairs appear in DNA super-structures like tri- and
quadruplexes, where they form extended H-bonded networks, we
became interested in the so far unknown photophysical and pho-
tochemical properties of such larger aggregates.

In this paper, we present a study on the formation of model sys-
tems for DNA tri- and quadruplexes formed from self-assembled
cytidine in solution in dry neat n-hexane (n-C6H14) and, in par-
ticular, an investigation of the excited electronic state lifetimes of
the ensuing complexes. The structures of different aggregates of
cytidine with extended H-bonding networks are shown in Fig. 1.
The H-bonded cytidine complexes are obtained in neat nonpolar
solvents by employing a derivative of the nucleoside carrying tert-
butyldimethylsilyl (TBDMS) groups at the 2′,3′,5′-O atoms of the
ribose. The bulky organic protecting groups enhance the solubilities
of the molecules in aprotic organic solvents, where the formation of

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:temps@phc.uni-kiel.de
dx.doi.org/10.1016/j.jphotochem.2009.09.011
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ig. 1. Structures of the H-bonded dimer, a trimer, and two tetramers of C. Several
ade up of two dimers, can form long tapes by adding further dimers to the left an

-bonds between the bases is strongly enforced [16–21]. The ensu-
ng association depends on solvent and is much more extensive in
-C6H14 than in other solvents (e.g., CHCl3) studied before [18,19].
he structures of the aggregates in n-C6H14 were investigated by
TIR and by static UV absorption and fluorescence spectroscopies.
oreover, the excited electronic state decay dynamics were probed

y femtosecond UV fluorescence spectroscopy. The lifetimes of
he optically excited states of the measured H-bonded multimers
urned out to be longer than for the cytidine monomer in H2O
nd other H-bonded nucleoside dimers investigated recently in
HCl3 [13,14]. The study lays out the path for forthcoming research
n mixed DNA triplex motifs, such as G·G·C, and other super-
tructures.

. Experimental section

2′,3′,5′-O-TBDMS-protected cytidine and 3′,5′-O-TBDMS-
rotected 2′-deoxycytidine (denoted in the following as C(TBDMS)3
esp. dC(TBDMS)2, or simply as C and dC when obvious from the
ontext) were synthesized based on the protocol of Ogilvie [22]
nd purified by flash column chromatography. The products were
hecked by NMR spectroscopy and no traces of impurities were
ound.

The formation of H-bonded aggregates of C was monitored
t room temperature as function of concentration by FTIR spec-
roscopy on a Bruker IFS 66v spectrometer at a resolution of
.25 cm−1 in a variable pathlength cuvette with CaF2 windows.
easurements were carried out in n-C6H14 (Uvasol purity, Merck)

t initial concentrations between 0.2 mM ≤ c0 ≤ mM. The well solu-
le C derivative was employed, because the dC derivative was easily
oluble only in CHCl3, and only to a small extent in CCl4, but little in
-C6H14. The H-bonded complexes in CHCl3 and in CCl4 (>99 resp.
9.9% purity, Sigma–Aldrich) were investigated as function of con-
entration using dC. However, control spectra of C taken in CHCl3
nd in CCl4 at a single c0 were practically identical with reference
pectra of dC in these solvents (except for the higher intensi-
ies of the bands associated with the larger number of TBDMS
roups).

UV absorption measurements were performed as function of
oncentration and temperature on a Shimadzu UV-2401 desk-
op spectrometer. In addition, static fluorescence spectra were

easured on a Horiba Jobin-Yvon Fluoromax 4 spectrometer to
heck for band shifts on aggregation, especially around �fl = 350 nm,
here the emission was monitored in the time-resolved exper-

ment. The excitation wavelengths were the same as in the

ubsequent femtosecond measurements. As the sample concen-
rations were too high for the standard 90◦ detection geometry,
he fluorescence spectra were recorded in reflection by placing the
uvette at ≈45◦ to avoid inner filtering effects and ensure a linear
esponse. Measurements at 90◦ and at 45◦ of the monophosphates
se motifs can arrange to larger super-structures. Tetramer 1, for instance, which is
t.

at different concentrations in water verified that the band shapes
were reproduced correctly.

Time-resolved fluorescence measurements were performed on
C in n-C6H14 solution using the up-conversion setup described in
some detail previously [23]. The tunable fs UV excitation pulses
were supplied by a Ti:Sa-pumped non-collinear optical paramet-
ric amplifier (NOPA) with a frequency doubling stage and focused
into the sample cell (1 mm optical pathlength) with the polarization
at the magic angle. The resulting fluorescence was refocused into a
BBO crystal for non-collinear type I sum frequency generation (SFG)
with time-delayed gate pulses (100 �J) from the Ti:Sa pump laser
by two 90◦ off-axis parabolic mirrors. The SFG light was monitored
by a single-photon counter at �SFG = 241 nm (fluorescence wave-
length �fl = 350 nm) through a f = 0.1 m double monochromator.

All fluorescence-time profiles were measured at two sample
concentrations (c0 = 0.1 and 1.0 mM) to check for possible changes
in the aggregation. Each set of experiments consisted of up to
four repeated scans to ensure reproducibility and one scan of the
neat solvent to rule out unwanted background signals. The sam-
ple solutions were continuously pumped through the cell to avoid
accumulation of photoproducts between two laser shots. More-
over, the excitation pulse energies were reduced to ≤50 nJ per
pulse, and the allocated liquid volumes in the sample reservoir were
at least 100–250 mL to avoid potential contaminations by photo-
damaged products. Measurements in ethanol, in which both plain
and TBDMS-protected C are well soluble, verified that the TBDMS
groups do not affect the excited electronic state lifetimes of the
nucleosides [14].

The recorded fluorescence-time profiles were analyzed
using a nonlinear least-squares fitting routine based on the
Levenberg–Marquardt algorithm implemented in Mathematica
software [24]. Fits were performed on single profiles and globally
with model functions consisting of a sum of decaying exponentials
convoluted with a Gaussian for the instrument response function
(IRF).

3. Results

3.1. FTIR spectra

Fig. 2 displays the measured FTIR spectra of cytidine and its
H-bonded aggregates in the region of the NH stretch vibrations,
which are involved in the H-bonding networks, between ω = 3200
and 3600 cm−1. The different panels show the effective absorption
coefficients ∈eff = log(I0/I)/(c0d) at a series of concentrations for (a)

dC in CHCl3, (b) dC in CCl4, and (c) C in n-C6H14. In addition, Fig. 3
compares the spectra for C in CHCl3, CCl4, and n-C6H14 on a single
plot at about c0 = 1.6 mM.

The FTIR spectra at low concentrations in CHCl3 (Fig. 2a) display
intense vibrational bands which clearly belong to the asymmetric
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ig. 2. FTIR spectra of (a) dC(TBDMS)2 in CHCl3, (b) dC(TBDMS)2 in CCl4, and (c)
(TBDMS)3 in n-C6H14 at different concentrations. The labels assign the observed
eatures to vibrations of the monomer (C), dimer (CC), and larger aggregates (Cn).

nd symmetric N–H stretch vibrations �(NH2)a and �(NH2)s of the
monomer at ω = 3534 and 3417 cm−1 [18]. The free N–H stretch

ibration �(NH2)f at 3488 cm−1 of the NH2 involved in the dimer
ormation grows in with increasing c0. The broad absorptions below
450 cm−1 are typical for H-bonded nucleobase complexes. The
tructure of the dimer that is present in CHCl3 is depicted in Fig. 1.
he experimental frequencies are in good agreement with quan-
um chemical calculations for the C monomer and the C·C dimer
21].

The vibrational spectra in CCl (Fig. 2b) demonstrate a much
4
tronger aggregation than in CHCl3. The frequencies of �(NH2)a

nd �(NH2)s shift to 3541 and 3424 cm−1, respectively, and �(NH2)f
oves to 3496 cm−1. The concentration dependence shows, how-

ver, a rapid decrease of the monomer bands and the dimer band

ig. 3. Comparison of the FTIR spectra of C(TBDMS)3 in CHCl3, CCl4, and n-C6H14 at a
oncentration of c0 = 1.6 mM. The monomer and dimer bands in n-C6H14 have prac-
ically disappeared already at concentrations below 1 mM. The broad absorptions
elow 3450 cm−1 are typical for H-bonded complexes. The region below 3200 cm−1

as inaccessible due to the strong absorptions by the n-C6H14.
Photobiology A: Chemistry 208 (2009) 164–170

with increasing c0, suggesting aggregation to larger complexes
(trimers, tetramers). The monomer is clearly visible only in the
spectrum at c0 = 0.3 mM. The �(NH2)f band of the dimer can be fol-
lowed up to c0 = 10 mM, but its intensity decreases with increasing
c0 as well. As can be seen from Fig. 3, the spectrum in CCl4 appears to
take an intermediate position between those in CHCl3 and n-C6H14.

The measured spectra of C in n-C6H14 (Fig. 2c) differ very dras-
tically from those in CHCl3, and continue the trends seen in CCl4
(cf. Fig. 3). Monomer vibrations are very weakly visible at ω = 3545
and 3424 cm−1 only at the lowest concentrations (see the spec-
trum at c0 = 0.2 mM), but vanish rapidly with increasing c0. The
same is true for the dimer band of �(NH2)f at ω = 3499 cm−1, which
also decreases immediately with higher c0. At the same time, there
is a small red-shift to ω = 3493 cm−1. Those spectral positions are
typical for a free N–H stretch vibration of an NH2 group with its
other N–H in an H-bond, but such NH2 groups seem to be rare for
C in n-C6H14. From the pronounced spectral changes, we there-
fore have to conclude that the measured vibrational spectra of C
in n-C6H14 stem predominantly from larger H-bonded multimers
rather than dimers. The outstanding spectral signatures of those
multimers are the virtual absence of the �(NH2)f band, the intense
broad absorption at ω ≈ 3300–3340 cm−1, and several overlapping
broad, intense bands in the ω ≈ 3070–3200 cm−1 region. The lat-
ter are hidden under the strong solvent absorptions in n-C6H14,
but were observable in CCl4. Thus, the spectra are consistent with
the formation of triads or tetrads as sketched in Fig. 1. Trimer for-
mation might occur by binding of an additional C monomer to a
symmetric C·C dimer, tetramer structures can either be formed
from two dimer subunits (tetramer 1) or from a dimer binding two
monomers on opposite sides (tetramer 2). Calculated bond ener-
gies per monomer unit are all quite similar [21], and it appears
impossible at this stage to distinguish between those complexes.
Considering the structures in Fig. 1, and the virtual absence of
�(NH2)f bands in the vibrational spectra, it is indeed likely that
the trimers and tetramers form even larger H-bonded aggregates.
Tetramer 1, in particular, may form long tapes, which may become
predominant at higher concentrations. All larger structures imply
the formation of N–H· · ·O=C bonds. As this H-bond to a carbonyl
group may be slightly stronger compared to the N–H· · ·N motif in
the C·C dimer, the shift of �(NH2)f by ≈6 cm−1 from 3499 cm−1 in
the C·C dimer to 3493 cm−1 in the multimers appears reasonable.
The CO stretch/NH2 bend region of the spectra of C unfortunately
show a only a strongly overlapped broad band without analyzable
signature, which does not help further.

3.2. Static UV absorption and fluorescence spectra

The static UV absorption and fluorescence spectra of C in n-
C6H14 are displayed in Fig. 4a and b. The spectral shape of the
absorption is rather similar to C in CHCl3 and unprotected cytidine
in H2O. The experimental absorption maxima are at �max

abs = 278 nm
(n-C6H14), 281 nm (CHCl3), and 271 nm (unprotected cytidine in
H2O). Thus, the absorptions in n-C6H14 and CHCl3 are red-shifted
relative to unprotected cytidine in H2O by 7 resp. 10 nm. Based on
the dielectric constants, we would normally expect the red-shift
with respect to isolated monomeric cytidine in vacuo to be largest
in H2O, smaller in CHCl3, and slightly smaller again in n-C6H14.
Interestingly, the spectrum of C in n-C6H14 measured at T = 65 ◦C is
almost identical with that in CHCl3 at 25 ◦C (Fig. 4a). These different
effects will be examined further in Section 4.

The static fluorescence spectra given in Fig. 4b were recorded

after excitation at the absorption maximum to obtain a rough ori-
entation on the range of emission wavelengths for the subsequent
up-conversion measurements. The spectrum in n-C6H14 appears
slightly red-shifted from that in CHCl3, which we attribute with
some due caution to the presence of different emitting species
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Fig. 4. (a) UV absorption spectra of C(TBDMS)3 in n-C6H14 and CHCl3 and unpro-
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of C (resp. dC) in solution in CHCl3 and C trimers, tetramers, and/or
larger aggregates in CCl4 and, in particular, in n-C6H14. It is difficult
to distinguish the structures of these larger multimers from the
vibrational spectra alone owing to the extended H-bonding net-
ected cytidine in H2O. (b) Static fluorescence spectra of C(TBDMS)3 in n-C6H14 and
HCl3. The very weak fluorescence spectra were normalized to their maxima for
etter comparison after subtraction of the background traces (scattered light and
navoidable minute impurities) by the solvents.

n the two solvents (monomers in CHCl3, larger aggregates in n-
6H14). In both cases, however, the spectra were very weak due
o the known low fluorescence quantum yield of C [25] and there-
ore hard to measure accurately, especially in the reflection mode
hich had to be used. Thus, spurious small other differences (e.g.,

n the low intensity red edge of the spectra) in Fig. 4b are due
o background correction problems and should not be taken as
ignificant.

.3. Time-resolved fluorescence measurements

The fluorescence-time profiles of C(TBDMS)3 in n-C6H14 mea-
ured after excitation at �pump = 296, 290, 283, and 262 nm are
isplayed in Fig. 5. The detection wavelength of �fl = 350 nm is close
o the maximum of the emission (Fig. 4b). The observed decay
urves could be described using two exponentials with time con-
tants (with error limits of last digits in parentheses) of

�1,C = 0.58(1) ps (95%),
�2,C = 19.4(13) ps (5%).

he quoted fractional amplitudes refer to the data at
pump = 262 nm. At longer pump wavelengths, the contribution of
he slow component increased slightly (to 12% at �pump = 296 nm).
ecause of the low absorption of the excitation light by the sample
lose to the electronic origin, the data taken at �pump = 296 nm
re somewhat noisier. Other than that, however, no significant
ependences of the decay times on �pump or on c0 were found.

. Discussion

The present work employed a straighforward route for the
reparation of H-bonded aggregates of the DNA base cytidine,
hich can now be studied in detail, e.g., as model systems for
iologically important non-classical DNA super-structures like
riplexes or quadruplexes. The applied experimental approach
ased on suitable O′-protected nucleoside derivatives in aprotic
olvents is easily applicable to other natural or non-natural nucle-
bases. Using the same strategy, we already studied the excited
Photobiology A: Chemistry 208 (2009) 164–170 167

electronic state fluorescence lifetimes of H-bonded dimers of C and
G and the G·C WC pair in solution in CHCl3 [13,14]. The resulting
structures were elucidated so far mainly by FTIR spectroscopy, but
additional methods (e.g., NMR spectroscopy) could be applied in
principle as well.

4.1. FTIR spectra and structures of the H-bonded cytidine
complexes

Using FTIR spectroscopy, we observed the formation of dimers
Fig. 5. Measured fluorescence decay profiles for the C aggregates in n-C6H14 at the
different excitation wavelengths. Open circles represent data points at c0 = 0.1 mM,
open triangles data points at c0 = 1.0 mM, and solid lines are the fitted time profiles.
The insets show the data and fits on the time scale up to �t = 60 ps.
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orks (cf. Fig. 1), but this might be feasible in future work by NMR
pectroscopy. Moreover, as C tetramer 1 on the one hand and C
etramer 2 or the C trimer on the other differ in their H-bonding
etworks (Fig. 1), two-dimensional IR spectroscopy [26–28] may
ffer the required means to unravel the complex structures.

.2. UV spectra

The near UV absorption spectra of the C aggregates in n-C6H14,
(resp. dC) in CHCl3, and unprotected free cytidine in water mea-

ured at room temperature resemble each other largely in shape,
ut the absorption maxima in CHCl3 and n-C6H14 are red-shifted
y a few nm with respect to the cytidine in water. The red-shift in
HCl3 is slightly larger than that in n-C6H14. The spectral shifts
ould arise, at least in principle, from a range of mechanisms,
ncluding bulk solvatochromic effects by the dielectric constant
ε) of the solvent, weak solute–solvent hydrogen-bonding interac-
ions, influences of the H-bonds within the dimers and multimers
n their electronic states, or exciton coupling [29–31] in even larger
e.g., stacked) aggregates of H-bonded dimers and multimers.

Investigations of solvent effects on the steady-state absorption
nd fluorescence spectra and the dynamics of the excited electronic
tates are reported in the literature for several uracil derivatives
32,33]. By the bulk effect, absorption spectra in solution are red-
hifted with respect to the isolated molecules in the gas phase
wing to dielectric stabilization of the excited state, when the
xcited state reached in the optical transition has a higher dipole
oment than the ground state. Under these conditions, solvation

hus decreases the energy gap between the highest occupied and
owest unoccupied molecular orbitals (HOMO and LUMO, respec-
ively). Accordingly, the absorption maxima of the uracils appear

ore red-shifted in a series of alcohols with increasing dielectric
onstants [33]. Vice versa, the observed blue-shift in the present
ork on going from CHCl3 (ε = 4.8, �max

abs = 281 nm) to the non-
olar n-C6H14 (ε = 1.9, �max

abs = 278 nm) is therefore in order. The
bsorption spectrum of cytidine in water with its maximum at
max
abs = 271 nm, i.e., at a shorter wavelength than for the TBDMS
erivatives in CHCl3 and in n-C6H14 despite the much stronger
olarity of water, seems to stand out in this respect. It has to be
ept in mind in this discussion, however, that, although the elec-
ron systems in cytidine and TDBMS-protected cytidine should in
rinciple be similar, the bulky hydrophobic organic groups modify
he local environment of the cytidine chromophore and may there-
ore bias the comparisons between the unprotected and protected

olecules in different solvents. A 10 nm red-shift also occurs, for
xample, on going from uracil to 1-cyclohexyluracil in water [32].

Theory has found it difficult to quantitatively predict the bulk
olvent effect on the excited-state energies of cytosine in water
34]. However, the 0–0 transitions of two specific cytosine–H2O
tructures were calculated to be blue-shifted by ≈0.25 eV (corre-
ponding to ≈15 nm) with respect to free cytosine in the gas phase,
wing to the reduced H-bonding capacities of the spectroscopi-
ally active excited ��* states of the monohydrates. This suggests a
istinctive cytosine–H2O H-bonding effect on the absorption spec-
rum in water as critical factor. We note further in this context that
rotonation of the chromophore as in 2′-deoxycytidine·HCl induces
red-shift to �max

abs = 275 nm (as well as a shortening of the excited
lectronic state lifetime measured by fs transient absorption spec-
roscopy [35]).

Solute-to-solvent H-bonding effects in CHCl3 may not be com-

letely negligible as well, but should be much weaker considering
he low hydrogen-bond donor (HBD) activity for CHCl3 of ˛ = 0.20
36] on the Kamlet–Taft scale [37,38]. On this scale, ˛ = 0 for the
protic n-C6H14 versus, for example, ˛ = 0.86 and 1.12 for the protic
olvents ethanol and acetic acid, respectively.
Photobiology A: Chemistry 208 (2009) 164–170

As noted, the C aggregates in n-C6H14 exhibit a hypsochromic
effect (blue-shift) with respect to the C species in CHCl3. A shift in
that direction goes in line with the bulk solvent effect. However, at
the concentration of c0 = 1 mM used, the FTIR spectra demonstrated
extensive multimerization by H-bonding in n-C6H14, but the pre-
dominating presence of C monomers (i.e., little H-bonding between
C units) in CHCl3. On heating to 65 ◦C, where the aggregates partially
dissociate, the absorption in n-C6H14 is red-shifted by �� = 3 nm to
�max

abs = 281 nm, i.e., we have a hypsochromic shift of the aggregates
at room temperature with respect to less associated structures at
elevated temperature. Such an effect is characteristic for exciton
coupling in H-aggregates by stacking of the chromophores [31].
Exciton coupling is ubiquitous in the DNA double helix, where the
dipole–dipole interactions between the chromophores in the well-
organized nucleobase stacks held in place by the sugar–phosphate
backbone lead to collective delocalized excited electronic states,
which are manifest by blue-shifted near-UV absorption maxima
[30,31]. Thus, one should examine the possibility for forma-
tion of “columnar” aggregates of the H-bonded structures in our
case.

Columnar phases are indeed known for the monophosphates
(GMP, dGMP) of guanosine and deoxyguanosine in water ([39]
and references therein). G has the highest tendencies of the DNA
bases to form such structures, but this happens at far higher con-
centrations than used in the present work. The experimentally
measured GMP threshold concentrations in water for the forma-
tion of G quadruplexes and, beyond, columnar aggregates from
GMP [39] are indeed roughly three orders of magnitude higher
than the millimolar cytidine concentrations in our study. More-
over, GMP aggregation is inherently connected to the presence
of alkali ions as templating agents for the G quadruplex motif.
NMR measurements of various O′-protected deoxyguanosines
in CDCl3 at concentrations and other conditions similar to our
experiments showed only H-bonding and no signs for stacked
aggregates [40,41]; liquid crystalline phases were obtained only
when the deoxyguanosines were dissolved in the required “mini-
mal” amounts of hydrocarbons [41], i.e., orders of magnitude higher
concentrations.

Cytidine is known to have a much lower ability for self-
aggregation than guanosine. The pyrimidine bases in general lend
themselves less to base stacking than the purine bases. Further,
H-bonding energies between the nucleobases are higher than �-
stacking bond energies [42,43] (albeit by a lesser amount than
usually thought [43]). Thus, considering the absence of ionic species
in our experiments (including the absence of protonated C as in the
i-motif DNA), the employed orders of magnitude lower concen-
trations in n-C6H14 (1.0 mM in the UV absorption measurements,
0.1–1.0 mM in the fs time-resolved experiments) compared to the
conditions, under which the liquid cristalline phases of guanosine
were observed, and the additional aspect that the TBDMS protect-
ing groups of our cytidine derivative are loaded with methyl groups,
which are naturally solvophilic towards n-C6H14, it is not likely
(although it cannot be rigorously excluded) that our experimental
observations arise mostly from other aggregates than H-bonded
ones.

Summing up this paragraph with some caution, we state that the
temperature dependent UV measurements suggest some dissocia-
tion of the C multimer network in n-C6H14 to smaller aggregates on
heating, but that more systematic studies of the ensuing solvents
effects and the aggregation are desirable.
4.3. Fluorescence-time profiles

The lifetimes of the optically excited electronic states of the
H-bonded C self-assemblies as revealed by time-resolved UV flu-
orescence measurements were in our main focus. The obtained
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Table 1
Comparison of the measured fluorescence decay times of the H-bonded complexes
of C with reported related excited-state lifetimes in the literature.

Compound or
complexa

Solvent �1 ps a1 % �2 ps a2%

Cyt Gasb 0.16 n/ac 1.9 n/ac

dC H2Od 0.40 100 . . . . . .
C H2Oe 0.70 n/ac . . . . . .
C H2Of 2.90 87 12.0 9
CMP H2Og 0.41 86 1.7 14
dC H2Oh 0.63 n/ac . . . . . .
dC(TBDMS)2 CHCl3i 0.63 95 21.0 5
[dC(TBDMS)2]2 CHCl3j >1 . . . . . . . . .
[C(TBDMS)3]n n-C6H14

k 0.58 95 19.4 5
[G·C] CHCl3l 0.30 100 . . . . . .

a All data following excitation around �pump < 262 nm.
b For cytosine in molecular beam [44].
c Not available.
d For deoxycytidine from single-exponential fit to fluorescence decay data [45].
e From transient absorption measurements on cytidine at �probe = 340 nm [46].
f From transient absorption measurements on cytidine at �probe = 250 nm [46].
g For CMP in buffered solution at pH 7 from fluorescence decay (this laboratory).
h For protonated Cyd+ [35].
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For dC(TBDMS)2 from fluorescence decay [14].
j For [dC(TBDMS)2]2 from fluorescence decay [14].
k This work.
l For TBDMS-protected G·C WC pair in CHCl3 from fluorescence decay [13,14].

uorescence decay times are compared with related experimental
ata in Table 1.

The observed lifetimes for the C multimers agree quite well with
hose obtained for monomeric C in CHCl3. Likewise, the electronic
elaxations of cytosine, cytidine, or CMP in H2O show similar bi-
xponential behavior and the measured decay constants are just
bit faster than in CHCl3 or in n-C6H14 [13,14,45,47]. This hints

hat the relative energies of the excited electronic states are not
trongly affected by the aggregation and that the observed fluo-
escence should result from monomer-like rather than delocalized
excitonic) states. Only the C·C dimer [13,14] appears to lack the
ub-picosecond decay component displayed by all other profiles
nd thus shows a slower relaxation of the optically excited elec-
ronic state(s).

Transient absorption measurements [46] and theoretical stud-
es [48–53,34] on isolated DNA pyrimidine bases have revealed that
he internal conversion to the electronic ground state (S0) pro-
eeds via at least two distinctive pathways. In the main channel,
he wavepacket prepared in the spectroscopically bright ��* state
volves from its Franck–Condon (FC) region to S0 by a direct conical
ntersection (CI). A secondary route involves at least one optically
ark, long-lived n�* state, which is populated during the relaxation
rocess via a three-fold degenerate CI. This leads to a bifurca-
ion of the excited-state population and the observed excited-state
ynamics becomes bi-exponential. The direct pathway is reflected
y �1 and the secondary route through the dark n�* state by �2. The
wo nonradiative pathways are simultaneously active in the pyrim-
dines in a variety of solvent environments [32]. However, as one
f the minimum energy pathways (MEP) in the monomer involves
n out-of-plane bending motion of the NH2 group, it is conceivable
hat this route can be slowed down by a higher energy barrier en
oute to the respective CI in the H-bonded dimer and the larger
ggregates.

Gas phase data on cytosine are bi-exponential as well [54,44],
ut differ in quantitative detail from those in solution. The n�*

tate and the triplet population, which are not negligible in the

yrimidines [46], are not directly observable in the fluorescence
p-conversion measurements.

The excited-state lifetime of protonated cytidine is similar to
hat of the neutral nucleoside [35]. Nevertheless, although pro-
onation leaves the nucleobase isoelectronic, the red-shift of its

[
[
[
[
[
[

Photobiology A: Chemistry 208 (2009) 164–170 169

UV absorption maximum by several nm indicates a change of the
electronic structure. In contrast, [dC]18 DNA strands in H2O, which
exist in a hemi-protonated form even at neutral pH, have prolonged
excited-state lifetime, but it has been shown that these are induced
by secondary structure [55].

5. Conclusions

The present paper reported on the formation and the photo-
dynamics of H-bonded self-assemblies of cytidine in solution in
n-hexane. The ensuing structures were elucidated from the changes
in the N–H stretch vibrational spectra on concentration in different
solvents. The UV absorption spectra of cytidine and its derivatives
in different solvents exhibit some visible changes as well, but more
systematic studies of the underlying solvents effects remain desir-
able.

From the performed time-resolved fluorescence measurements,
it became evident that the radiationless electronic relaxation rates
in the investigated C multimers do not seem to benefit from the
formation of the extended H-bonding network(s). This agrees with
results obtained for the C·C dimer, but it contrasts with the sit-
uation for H-bonded G·G aggregates and the G·C WC base pair
[13,14]. The latter exhibit drastically shortened excited-state flu-
orescence lifetimes compared to the respective monomers, which
has been attributed to ultrafast transitions from the optically pre-
pared ��* excited state to a charge-transfer (CT) state followed
by intermolecular proton transfer involving the G imino group
[56,57]. Such a mechanismus apparently does not occur in cyti-
dine self-aggregates. It seems quite plausible that the highly dipolar
intermediate CT state is energetically inaccessible, especially in a
nonpolar solvent like n-C6H14.

Adopting another point of view, the “non-natural” C multimers
that were observed are of interest also because of the light they
shed on the evident ability of C to form self-assemblies beyond
the standard WC base pairing scheme. The G·G·C and C·G·C tri-
ads, which occur in triplex DNA, come to mind next. Here, a G-rich
third strand attaches to G·C-rich runs of a normal duplex through
reverse-Hoogsteen bonding to the G sites. Likewise, a C-rich third
strand can bind to G·C runs through Hoogsteen pairing. Work on
such mixed aggregates is underway.
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