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Abstract 

The novel fluorescent DNA cytosine base analogue 1,3-diaza-2-oxophenothiazine, tC, 

has previously been shown to have a remarkably preserved high quantum yield upon 

incorporation into a single strand of peptide nucleic acid, PNA, as well as when the 

latter is hybridized with a complementary DNA to form a PNA-DNA duplex. Here we 

investigate fundamental photophysical properties of tC. Using fluorescence 

anisotropy, stretched film linear dichroism, and quantum chemical calculations the 

transition moment polarizations of the lowest lying electronic states are determined. 

The neutral, base-pairing form of tC, having a fluorescence quantum yield of 0.2, is 

found to be the totally predominant species in a wide pH interval, 4-12. We show that 

the absorption band of tC at lowest energy, centred at 26700 cm
-1

 and well separated 

from the nucleobase absorption, is due to a single electronic transition polarized 

approximately at 35 from the long-axis of the molecule. The 2-deoxyribonucleoside 

of 1,3-diaza-2-oxophenothiazine, synthesized for further incorporation into DNA was 

found to display a fluorescence quantum yield nearly the same as in the form of tC 

that was incorporated into PNA, confirming the notion of the tC nucleoside being a 

probe with very promising fluorescence properties essentially invariant of 

environment, also upon incorporation into a DNA strand and upon hybridization.  
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Introduction 

Fluorescent DNA base analogues are of great interest as sensitive probes for detecting 

nucleic acids and studying the structure, dynamics, and interactions within nucleic 

acids as well as interaction between nucleic acids and other molecules (for recent 

review see Rist and Marino)
1
. A great advantage with the fluorescent base analogues 

is that their size and structure enable them to be incorporated site-specifically into 

nucleic acid contexts with minimal disturbance of the native structure compared to 

fluorescent dyes, covalently linked to the backbone of the oligonucleotide. Two 

essential properties of fluorescent base analogues are their ability to form specific 

base pairs with the naturally occurring bases and to have a sufficient fluorescent 

quantum yield also after incorporation into nucleic acid systems. The most utilized 

fluorescent base analogue, 2-aminopurine (2-AP),
2,3

 forms stable base pairs with 

thymine, but can also form moderately stable base pairs with cytosine.
4
 Another 

disadvantage is the fact that, the high intrinsic fluorescence quantum yield of 2-AP 

(68%) is reduced approximately a 100-fold when incorporated into oligonucleotides.
2
 

The quantum yield of 2-AP is less sensitive to base pairing and hydrogen-bonding 

interactions, but sensitive to local and global conformational changes, which has been 

explained by stacking interaction with and collisional quenching by neighboring 

bases.
2,5

 2-AP has been used for probing structural and dynamic changes in damaged 

or mismatched DNA,
6,7

 and in interactions between DNA and e.g. polymerases,
8-12

 

restriction endonucleases,
13-15

 and repair enzymes.
16-19

 However, the sensitivity of its 

excited state lifetimes to environment makes it rather unreliable as a probe of 

molecular dynamics using fluorescence anisotropy measurements and energy transfer. 

 A recently developed group of fluorescent base analogues are the pteridines (for 

recent review see Hawkins)
20

. Of the available pteridines the two guanine analogs 3-
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methylisoxanthopterine (3-MI) and 6-methylisoxanthopterine (6-MI) have been 

synthesized as phosphoramidites and incorporated into DNA oligonucleotides.
21-24

 

Like 2-AP, these probes have a high fluorescent quantum yields in their free form, 

88% and 70% respectively,
22

 but exhibit a substantial reduction in quantum yields, up 

to 25-fold, upon incorporation into oligonucleotides. Another new group of 

fluorescent base analogues with promising properties are the benzoquinazolines,
25-27

 

which were originally designed to increase the stability of triple helices. Interestingly, 

they display high fluorescence quantum yield both free and when included in 

oligonucleotide duplexes.
25

 Although these base analogues are quenched when a third 

strand anneals to the duplex they might have potential in selective detection of 

triplexes over duplexes. 

In a different approach for developing fluorescent base analogues, Kool and 

colleagues have synthesized nucleotides containing aromatic polycyclic 

hydrocarbons, e.g. pyrene and phenanthrene, in the place of the base.
28-31

 These 

fluorescent base analogues obviously lack the hydrogen bonding specificity, but can 

sterically mimic a base pair, causing only relatively modest perturbations to the 

natural DNA helix, when incorporated against an abasic site. 

Recently we reported on the interesting fluorescent properties of a novel 

fluorescent base analogue, 1,3-diaza-2-oxophenothiazine,
32

 tC (Figure 1).
33

 

Previously it had been shown that this tricyclic cytosine analogue discriminates well 

between G and A targets
34

 and also increases the base stacking, thus increasing the 

melting temperature of DNA-RNA-,
34

 DNA-peptide nucleic acid (PNA)-,
35

 and PNA-

PNA-duplexes
35

. We have shown that, the fluorescence quantum yield of tC is high 

(20%) and essentially the same whether incorporated into a PNA single strand (22%) 

or a PNA-DNA-duplex (21%).
33

 Like the fluorescent base analogues mentioned  
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Figure 1. Structure of G-tC base pair on the left, tC nucleoside on the right, and 

derivatives of tC used in the measurements in the middle (R = H, CH3, and K in 1,3-

diaza-2-oxophenothiazin-3-yl acetic acid (AtC), its methyl ester (MtC), and its 

potassium salt (KtC), respectively).  is an in-plane angle relative the molecule-fixed 

reference axis parallel to the long-axis of the molecule (z). Also included is the 

polarization of the lowest energy transition moment of tC ().
36 

 

above, tC has an absorption band at 375 nm (26700 cm
-1

) well separated from the 

normal DNA band at 260 nm (38500 cm
-1

) and can therefore be selectively excited. 

Furthermore, we have shown that tC can serve as an excellent fluorescence resonance 

energy transfer (FRET) donor in a pair with rhodamine as acceptor.
33

 In contrast to 

most earlier studies, where random orientation of donor and acceptor often has been 

assumed due to lack of reliable orientational information, the rigid and well-defined 

geometry of tC stacked within a duplex combined with its fluorescent properties could 

be a major advantage in FRET experiments for quantitative, accurate measurements 

of distances within molecular systems, provided transition moment data is accessible. 

 We here report an experimental and theoretical study on the photophysical 

properties of tC, with effects of solvents and pH. In particular, we determine the 
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polarizations of the transition moment of the lowest lying electronic states of the 

neutral base-pairing form of tC using fluorescence anisotropy, stretched film linear 

dichroism, and quantum chemical calculations. 
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Materials and Methods 

Chemicals. The tC derivatives of 1,3-diaza-2-oxophenothiazin-3-yl acetic acid 

(AtC) were synthesized from the methyl ester, which was obtained by alkylation of 

the anion of 1,3-diaza-2-oxophenothiazine (Roth et al.)
37

 with methylbromoacetate, 

following the general procedure of Eldrup et al..
35

 The 2-deoxyribonucleoside of 1,3-

diaza-2-oxophenothiazine was synthesized according to Matteucci et al..
34

 The buffers 

used for pH 4.0, 7.5, and 10 were sodium citrate, sodium phosphate, and glycine-

NaOH at a total sodium concentration of 50 mM, respectively. Polyvinyl alcohol 

(PVA) was obtained as powder from E. I. du Pont de Nemours Co. (Elvanol). The 

organic solvents used were of spectrophotometric grade. 

Film Preparation. A 12.5 % (w/w) solution of PVA was prepared by dissolving 

PVA in water under heating to 100C. Portions of 5 ml were mixed with 3 ml of 

water solutions of the potassium salt of 1,3-diaza-2-oxophenothiazin-3-yl acetic acid 

(KtC), each containing 0.2 mg of substance. The mixtures were poured onto 

horizontal glass plates and left to dry in a dust-free environment for more than 48 h. 

Hereafter, the films were removed from the plates and mechanically stretched 4 times 

their original length under the hot air from a hairdryer. 

Extinction Coefficient Determination. The extinction coefficients of the methyl 

ester of 1,3-diaza-2-oxophenothiazin-3-yl acetic acid (MtC) in different solvents were 

determined using a 30 times dilution of a THF stock solution. The extinction 

coefficient was measured using a Varian Cary 4B spectrophotometer. 

Fluorescence Measurements. The fluorescence quantum yields of the different 

derivatives of tC were determined relative to the quantum yield of 9,10-

diphenylanthracene in ethanol (f=0.95).
38

 The measurements were performed on a 
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SPEX fluorolog -3 spectrofluorimeter (JY Horiba) between 25000 and 13500 cm
-1

 

using an excitation wavenumber of 26700 cm
-1

. 

The fluorescence excitation anisotropy spectra of KtC were measured on a SPEX 

fluorolog -2 spectrofluorimeter (JY Horiba) with the samples in H2O:1,2-etandiol 

(1:2 mixture) glass at -100C, with Glan polarizers both on the excitation and 

emission beams. The excitation spectra were recorded from 41700 to 22200 cm
-1

 and 

the emission set at the fluorescence maximum, 19800 cm
-1

. The fluorescence 

anisotropy (r) was calculated as:
39
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where Ivh refers to excitation spectrum recorded with the excitation polarizer in the 

vertical and the emission polarizer in the horizontal position and so forth and G  is the 

ratio Ihv/Ihh used for instrumental correction. For an immobile chromophore with an 

electronic transition (i), the limiting anisotropy is related to the angle i between the 
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with )~( exci   being the molar absorptivity of transition i. 

Linear Dichroism (LD) Measurements. Linear dichroism (LD) measurements 

were performed in stretched PVA matrices using a Varian Cary 4B spectrophotometer 
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equipped with Glan air-space calcite polarizers in both sample and reference beams. 

LD is defined as 

)~()~()~(   AALD II   (4) 

where )~(IIA  and )~(A  are the absorption of light polarized parallel and 

perpendicular to the macroscopic orientation axis (film stretching direction), 

respectively. The reduced linear dichroism of a uniaxial sample is defined as 
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where Aiso is the absorption of the corresponding isotropic sample. In a similar way as 

for the anisotropy mentioned above, the LD
r
 of overlapping transitions can be 

calculated as: 
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The dichroism for a pure electronic transition, r

iLD , for a molecule that has a rod-like 

orientation in a stretched PVA matrix is given by: 
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where i  is the angle between the molecular orientation direction and the ith 

transition moment, and Szz is the Saupe orientation parameter for the principal 

orientation axis, z. 

Magnetic Circular Dichroism (MCD) Measurements. The magnetic circular 

dichroism (MCD) of a molecule is measured exposing the molecule to a magnetic 

field parallel with (by convention the direction of the magnetic field is north to south) 

the light propagation axis and defined as the difference in absorption of left- and 

right-circularly polarized light: 
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)~()~()~(  rl AAMCD    (8) 

The MCD of KtC was measured in phosphate buffer (pH 7.5) using a Jasco J-720 CD 

spectropolarimeter equipped with a permanent horseshoe magnet. The spectra were 

recorded with both NS (north-south) and SN magnetic field orientation. The MCD 

was obtained by subtracting the SN spectrum from the NS spectrum and dividing by 

2. The MCD signal of CoSO4 (19600cm
-1

= -0.0188 M
-1

cm
-1

T
-1

) was used as a 

reference to calibrate the magnetic field.
40,41

 

Quantum Chemical Calculations. Molecular orbital calculations of electronic 

absorption spectra were performed with the semi-empirical ZINDO/S method as 

incorporated in the HyperChem program.
42

 All singly excited configurations using the 

15 highest occupied and 15 lowest unoccupied orbitals were included in the 

configuration interaction (CI). The geometries used were obtained from AM1 

calculations as implemented in HyperChem. 

 The geometry of neutral tC was also optimized using density functional theory 

(DFT) with the B3LYP hybrid functional
43,44

 and the 6-31G** basis set.
45

 Calculation 

of the vibrational spectrum confirmed that the optimized structure corresponds to a 

minimum on the potential energy surface. The Gaussian 98 program package was 

used for these calculations.
46
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Results 

Effects of pH on Absorption and Fluorescence Spectra. Figure 2 shows isotropic 

absorption spectra of the potassium salt of 1,3-diaza-2-oxophenothiazin-3-yl
32

 acetic 

acid (KtC) at various pH values. In Figure 2a and 2b the equilibrium between tC and 

its protonated and deprotonated form, respectively, is followed. The arrows in Figure 

2a show the spectral evolution as the pH decreases, whereas in Figure 2b, arrows refer 

to increase in pH. From these results it is obvious that the neutral form of tC has its 
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Figure 2. Isotropic absorption spectra (Aiso) of pH titration of tC. pH titration ranging 

from –0.5-7.5 (a), where the arrows indicate decrease in pH (pH=7.5, 4.0, 3.0, 2.0, 

1.0, 0.4, 0.2, 0, -0.1, -0.3, and -0.5). A citrate buffer (50 mM Na
+
) with addition of 

HCl was used except at pH 7.5 where a phosphate buffer (50 mM Na
+
) was used. pH 

titration ranging from 7.5-14 (b), where the arrows indicate increase in pH (pH=7.5, 

12.0, 12.4, 12.6, 12.8, 13.0, 13.2, 13.4, 13.6, 13.8, and 14). A glycine-NaOH buffer 

(50 mM Na
+
) with addition of NaOH was used except at pH 7.5 where a phosphate 

buffer (50 mM Na
+
) was used. The extinction coefficients for the wavenumbers below 

35000 cm
-1

 are given on the right hand y-axis. Measurements performed at 25C. 

 

lowest energy band maximum at 375 nm (26700 cm
-1

). Moreover, no significant 

change can be seen between the spectra recorded at pH 7.5 and pH 4.0 (top two 
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spectra at 26700 cm
-1

, Figure 2a) or between pH 7.5 and pH 12.0 (lowest two spectra 

at 26700 cm
-1

, Figure 2b), indicating that this neutral form of tC is predominant in the 

pH interval 4 to 12. However, lowering the pH, a protonated form of tC with an 

absorption maximum at approximately 23800 cm
-1

 appears (Figure 2a). An estimation 

of pKa for the equilibrium between the protonated and the neutral form of tC gives 

1.00.2. When instead raising the pH, a deprotonated form of tC having an absorption 

maximum at 25400 cm
-1

 emerges (Figure 2b). An estimation of pKa for the 

equilibrium between the neutral and the deprotonated form of tC gives 13.20.2. 

 

Table 1. Wavenumber Maxima (~ max) and Extinction Coefficient Maxima (max) of 

the Lowest Energy Absorption Band and Fluorescence Quantum Yield (f) of tC 

Nucleoside in Buffer Solution at Different pH. 

 

 ~ max / cm
-1

 max / M
-1

 cm
-1

 f
a
 

pH -0.5
 

23800
 

4300
 

<0.01
 

pH 4 26700 4000 0.16 

pH 7.5 26700 4000 0.17 

pH 10 26700 4000 0.17 

pH 14 25400 6200 0.11 

 
a
 Fluorescence quantum yield measured relative to the quantum yield of 9,10-

diphenylanthracene in ethanol (f=0.95).
38

 

 

 Table 1 summarizes the observations from Figure 2 concerning the absorption 

maximum of the lowest energy transition and the estimated extinction coefficients 

belonging to this transition for tC at varying pH (for extinction coefficient 

determination, see Materials and Methods). It should be noted that both the protonated 

and deprotonated forms of tC, besides being considerably red shifted compared to the 
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neutral form (vide supra), also have extinction coefficients that are significantly 

higher. 
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Figure 3. Emission spectra of the tC nucleoside at different pH. Included for 

comparison is the emission spectrum of KtC at pH 7.5 (). Emission of the tC 

nucleoside at pH 7.5 and 10 (), pH 4 (), pH 14 (), and pH –0.5 (). The buffers 

used were the same as in the legend of Figure 2. Measurements performed at 25C. 

 

 Table 1 also shows the fluorescence quantum yield of the tC nucleoside at different 

pH values. The emission profiles belonging to the quantum yield values in Table 1 

can be seen in Figure 3 where they are compared to the normalized emission of KtC. 

The emission maxima of the tC nucleoside at pH 4, 7.5, and 10 coincides at 

approximately 19600 cm
-1

 but are slightly red shifted compared to KtC 

(Emmax=19800 cm
-1

). Furthermore, the emission is weaker for the neutral form of the 

tC nucleoside (f=0.16-0.17) than for the corresponding form of KtC (f=0.20). At 

low pH, where the protonated form of the tC nucleoside is predominant, the emission 

is substantially red shifted (Emmax~17700 cm
-1

) compared to the neutral form and the 
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quantum yield (f<0.01) considerably lowered. Also at high pH, the quantum yield of 

the tC nucleoside (f=0.11) is lower than at neutral pH, but the drop is by no means as 

large as at low pH. It can also be noted that the emission profile for the deprotonated 

form of the tC nucleoside is structured and has its maximum at approximately 20000 

cm
-1

. 

 Solvent Effects on Photophysical Properties. Table 2 shows the wavenumber 

maxima (~ max) and the extinction coefficient maxima (max) of the lowest energy 

absorption band and the fluorescence quantum yields (f) of tC in different solvents. 

 

Table 2. Wavenumber Maxima (~ max) and Extinction Coefficient Maxima (max) of 

the Lowest Energy Absorption Band and Fluorescence Quantum Yields (f) of tC in 

Different Solvents. 

 

 ~ max / cm
-1

 max / M
-1

 cm
-1

 f
a
 

Buffer
b 

26700 4000 0.20 

Ethanol
c 

26900 3900 0.46 

Chloroform
d 

26700 3600 0.57 

Acetonitrile
d 

27100 3500 0.47 

THF
d 

27000 3100 0.49 

 
a
 Fluorescence quantum yield measured relative to the quantum yield of 9,10-

diphenylanthracene in ethanol (f=0.95).
38

 
b
 KtC form of tC in a phosphate buffer (50 

mM Na
+
, pH 7.5). 

c
 AtC form of tC was used. 

d
 MtC form of tC was used. 

 

The Table shows that the influence of solvent on the wavenumber maximum of the 

lowest energy absorption band, ranging from 26700 cm
-1

 in phosphate buffer to 27100 

cm
-1

 in acetonitrile, is small. The extinction coefficient maxima show some 

differences between solvents; ranging from 4000 M
-1

cm
-1

 in phosphate buffer to 3100 

M
-1

cm
-1

 in THF. However, the most significant variations can be observed comparing 
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the fluorescence quantum yields. In ethanol, chloroform, acetonitrile, and THF the 

quantum yields are in the order of 50 %, whereas in buffer it is only 20 %. Moreover, 

the emission profile of tC in buffer is more red shifted (Emmax=19800 cm
-1

, Figure 3) 

than in any other of the solvents (Emmax ranging from 21300-20400 cm
-1

, data not 

shown). 
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Figure 4. Emission spectra of KtC at water:ethanol ratios ranging from 10:0 to 1:9. 

Measurements were performed at 25C. Inset: Linear fits of emission intensities () 

and wavenumbers at emission maxima () as a function of water concentration. 

 

 Figure 4 shows a titration of water into an ethanol solution of KtC. The emission 

spectra are measured with an interval of 10 %, ranging from 90 (top spectrum) to 0 % 

(bottom spectrum) ethanol. It can clearly be observed that the emission decreases with 

addition of water. As mentioned above, also a small red shift can be observed when 

increasing the concentration of water. The inset shows that a virtually linear 

relationship can describe the dependence of both fluorescence intensity and 
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wavenumber shift at emission maxima as a function of increasing water 

concentration. 

 Polarized Light Spectroscopy. Figure 5a shows the isotropic absorption 

spectrum, reduced linear dichroism (LD
r
), and the fluorescence anisotropy of tC. The  
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Figure 5. (a) Isotropic absorption spectrum (Aiso, ), reduced linear dichroism (LD
r
, 

), and excitation anisotropy (r, ) of KtC. Aiso was measured in a phosphate buffer 

(50 mM Na
+
, pH 7.5), LD

r
 in a stretched PVA film and r in a H2O:1,2-etandiol (1:2 

mixture) glass at -100C. (b) Magnetic circular dichroism (MCD) of KtC in phosphate 



 16 

buffer (50 mM Na
+
, pH 7.5). (c) Calculated electronic transitions of the tC 

chromophore and their oscillator strengths. Energy optimization of molecular 

geometry was performed using the Semi-empirical method AM1. Electronic 

excitation spectrum was calculated using the Semi-empirical method ZINDO/S. 15 

occupied and 15 unoccupied orbitals were included in the configuration interaction 

(CI). Note that the wavenumber scale in (c) is displaced compared to (a) and (b). 

 

fluorescence anisotropy over the lowest energy absorption band nearly reaches the 

theoretical maximum value for anisotropy (~0.4), showing that the excited molecules 

are practically totally immobilized on the time scale of excited state deactivation. 

Moreover, this anisotropy indicates, as expected, that the absorbing and emitting 

transition moments are parallel. It should also be observed that the anisotropy is 

essentially constant over the lowest energy band (22300-30000 cm
-1

) signifying the 

same orientation of transition moment(s) in the whole region, indicating that this band 

originates from a single absorbing transition moment. At 33300 cm
-1

 a dip in 

anisotropy indicates the presence of a second transition that is polarized at least 30 

relative the lowest energy transition. The positive LD
r
 over the absorption band 

centered at 26700 cm
-1

 shows a significant slope, which may appear to be in conflict 

with a pure polarization of a single electronic transition of this band, which 

observation we shall return to in the Discussion.  

Figure 5b shows the magnetic circular dichroism (MCD) of the lowest energy 

absorption band of KtC. For two electronic transitions close in energy with transition 

moments that are not parallel with each other, the magnetic field will mix the two 

electronic states involved, leading to magnetic rotational strengths of opposite signs 

but equal in amplitudes. Therefore, a MCD spectrum will be bisignate in such a case 
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and, thus, can be used to discern whether an absorption band consists of one or 

several transitions. The lack of change in signs over the lowest energy absorption 

band and the similarity between the MCD spectral profile and the absorption spectrum 

suggests that the first absorption band is due to only a single electronic transition. 

This is in agreement with the anisotropy results (vide supra) that one single transition 

give rise to the lowest absorption band between 22300 and 30000 cm
-1

. 

 Molecular Orbital Calculations – Structures and Spectra. The geometry of the 

neutral tC base is predicted from both the AM1 and the DFT B3LYP/6-31G** 

calculations to be folded along the middle ring sulfur-nitrogen axis with a dihedral 

angle of approximately 170-155 (See Supporting Information for AM1 coordinates). 

As the calculated AM1 and DFT B3LYP/6-31G** geometries have no significant 

differences, we arbitrarily choose the AM1 structure for further calculation of 

electronic spectra. The result from the calculated structure is in good agreement with 

the X-ray crystal structure of the parent molecule phenothiazine.
47,48

 The protonated 

form is also predicted (AM1) to have a folded structure whereas the optimized 

geometry of the deprotonated form shows no significant deviations from planarity. 

In Figure 5c the electronic spectrum of the neutral form of tC (AM1 geometry), 

calculated using ZINDO/S, is shown for comparison with the measured spectra. To 

facilitate comparison, the wavenumber scale of the calculated spectrum is displaced 

by 5800 cm
-1

 compared to the spectra in Figure 5a and 5b. In Table 3 the details for 

the strongest transitions of the neutral form of tC below 46550 cm
-1

 are given together 

with the corresponding results for the protonated and deprotonated forms. We shall 

return to the details of the calculated spectra in the Discussion. 
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Table 3. Strongest Calculated Electronic Transitions
a
 Below 46550 cm

-1
 for 

Deprotonated tC, tC, and Protonated tC Calculated Using ZINDO/S.
b
 

 

Deprotonated tC tC Protonated tC 
trans. ~ /cm-1 fc 

d/deg trans. ~ /cm-1 fc d/deg trans. ~ /cm-1 fc d/deg 

S0S1 28500 0.773 5 S0S1 31000 0.190 -36 S0S1 22500 0.235 -17 

S0S2 30900 0.079 -52 S0S4 35500 0.238 37 S0S2 30400 0.087 -5 

S0S6 36500 0.056 40 S0S6 40200 0.160 -21 S0S4 32800 0.106 -71 

S0S8 40800 0.095 74 S0S8 43500 0.476 29 S0S6 37000 0.165 5 

S0S12 43700 0.803 -18 S0S9 44800 0.536 -16 S0S8 43300 0.198 84 

S0S14 45700 0.322 37 S0S12 46500 0.192 14 S0S12 46300 0.466 2 

 
a
 Cutoffs of oscillator strengths for deprotonated tC, tC, and protonated tC are 0.024, 

0.026, and 0.051, respectively. 
b
 451 singly excited configurations were included in 

the CI calculation. 
c
 Oscillator strength. 

d
 In-plane angle relative the long-axis (z) of 

the molecule as defined in Figure 1.
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Discussion 

A very promising, although not unexpected, result in this study is the fact that the 2-

deoxyribonucleoside of 1,3-diaza-2-oxophenothiazine has basically the same 

fluorescence quantum yield (f=0.17) as the 1,3-diaza-2-oxophenothiazin-3-yl acetic 

acid (AtC) (f=0.20) in aqueous buffers at neutral pH.
33

 Previously, we have shown 

that synthesis of a PNA monomer of AtC and subsequent incorporation into a single 

stranded PNA, left the fluorescence quantum yield essentially unchanged (f=0.22). 

Furthermore, upon hybridization to a complementary single stranded DNA, the 

fluorescence quantum yield of the tC base in the PNA strand was found to be 

preserved (f=0.21). This suggests that the fluorescence quantum yield, also upon 

incorporation of the 2-deoxyribonucleoside of 1,3-diaza-2-oxophenothiazine into a 

single stranded DNA and subsequent hybridization to a complementary DNA strand 

(work currently in progress), will be high and essentially independent of context. In 

the light of this promising result and to facilitate future biophysical studies, using tC 

as a fluorescent base analogue, we will discuss the basic photophysical properties of 

the DNA base analogue below. 

Absorptive and Emissive Properties at pH Extremes. As can be seen in Figure 

2, both the protonated and deprotonated forms of tC have their lowest energy 

transition at lower wavenumbers, approximately 23800 and 25400 cm
-1

, respectively. 

Also the extinction coefficients of these two transitions are larger than for the neutral 

form (Table 1). It should be noticed that the molecular orbital calculations on both the 

protonated (proton on N1) and deprotonated forms of tC (Table 3) result in red shifts 

and increases in extinction coefficients relative the neutral form, albeit all details are 

not accurately predicted. Furthermore, the calculations suggest that the lowest energy 
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transitions for the protonated and deprotonated forms are largely long-axis oriented (z, 

in Figure 1), in good agreement with the experimental results. 

The fluorescence quantum yield of the protonated form (f<0.01) is appreciably 

lowered and there is also a red shift in emission compared to the neutral form of tC. 

Also for the deprotonated form, which interestingly has a structured emission profile, 

a decrease in quantum yield can be observed (f=0.11). The structured emission 

profile of the deprotonated form might come as a result of a planar, more rigid 

structure, which is also supported by the quantum chemical calculations. 

Absorptive and Emissive Properties at Neutral pH. A consequence of the 

pKa:s for the equilibria between the neutral and both the protonated (pKa=1.00.2) 

and the deprotonated form (pKa=13.20.2) of tC, is that there are extremely low 

amounts of these forms at neutral pH. The neutral form of tC is, as mentioned above, 

predominant in the pH interval 4-12. The lowest energy transition of the tC nucleoside 

has, like AtC, its maximum at 26700 cm
-1

 (Table 1). Moreover, the fluorescence 

quantum yield of the tC nucleoside in its neutral form is 0.17 (Table 1). A small 

decrease can be observed for the emission measured at pH 4 (Figure 3 and Table 1). 

However, as only 0.1 % of tC is in its protonated form at pH 4, it seems highly 

unlikely that the decrease in fluorescence quantum yield compared to the one obtained 

at pH 7.5 (Table 1) would come as a result of the equilibrium between the protonated 

and neutral forms of tC. Instead, this most certainly comes as a result of the pKa of the 

excited state not being the same as the pKa of the ground state. 

Emissive Properties in Different Solvents. The fluorescence quantum yields in 

all the examined solvents, except in buffer (0.20), are in the order of 0.5 (Table 2). 

Previously we have found that the quantum yield of tC upon incorporation into a 

single stranded PNA (0.22) or into a DNA-PNA duplex (0.21) is essentially 
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unchanged compared to the free form.
33

 Thus, the less polar environment that comes 

as a result of incorporating tC into oligonucleotides, or when changing from water to 

less polar solvents, affects the fluorescence quantum yield in different ways. Instead 

we suggest that hydrogen bonding to tC might play an important role in lowering the 

quantum yield. When tC exists in its free form in buffer or when it is incorporated 

into a single stranded PNA, still in buffer solution, hydrogen bonding between water 

and tC is possible. Obviously, tC is also involved in hydrogen bonding when it is 

incorporated into a PNA, and the latter is hybridized to a complementary DNA. The 

other solvents, ethanol included, will be less suited for hydrogen bonding than water 

or a guanine in a complementary DNA strand, which might explain the increase in 

quantum yields by a factor of 2.5. 

Spectral Details for the Neutral Form of tC. The isotropic absorption spectrum 

in Figure 5a shows that the lowest energy absorption band for tC in its neutral form 

has a wavenumber range from 22300 to 30000 cm
-1

. To facilitate future accurate 

distance measurements using FRET, we need to answer the question whether the 

lowest energy absorption band consists of one or more electronic transitions as well as 

the polarization of their transition moments. As mentioned, the constant anisotropy 

over this band leaves only two alternatives, namely that there is only one transition in 

this wavenumber range or several transitions with the same transition moment 

directions. The fluorescence anisotropy value further indicates that they have to be the 

same as that of the emitting transition moment. Also, the purely negative MCD in 

Figure 5b further supports a conclusion where the lowest absorption energy band 

consists of only one electronic transition, although it cannot exclude the possibility of 

two transitions with the same transition moment directions. To further examine the 
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credibility of a single electronic transition giving rise to the lowest energy absorption 

band, we have applied the Strickler-Berg equation
49

 to our experimental data: 
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where n is the refractive index of the solvent, 
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f  is the reciprocal of the mean 

value of 3~   in the fluorescence spectrum, gl and gu are the degeneracies of the lower 

and upper states, respectively, and )~(  is the molar absorptivity at wavenumber ~ . 

The equation relates the theoretical (natural) lifetime (0) to the absorption intensity 

(area under the absorption band corresponding the S0S1 transition). Using the 

Strickler-Berg equation gives a calculated value for 0 of 32.5 ns. The measured 

natural lifetime, 0, is related to the measured lifetime, , by the fluorescence quantum 

yield: =0f. The observed lifetime and fluorescence quantum yield for tC are 3.7 ns 

and 0.20, respectively.
33

 This gives a natural lifetime of 18.5 ns. Although the 

calculated natural lifetime is longer than the measured one, it is still reasonable to 

conclude, based on the anisotropy and MCD, that the lowest energy absorption band 

only consists of a single electronic transition.  

By contrast, the sloping LD
r
 over this band, at the first glance, suggests quite the 

opposite. However, from isotropic absorption of KtC in buffer, we know that the 

spectrum is red shifted, upon considerable increase in concentration, suggesting 

aggregation, maybe a dimerization, of the hydrophobic ringsystems. The high 

concentration of tC in the dried PVA films (2 mM) most likely pushes the 

equilibrium toward aggregation, giving a mixture between tC monomers and 

aggregates. Thus, there will be a mixture between two different absorbing species in 

the region between 30300 and 22200 cm
-1

. The slope therefore might come as a result 
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of the two species having different degrees of orientation in the PVA film and/or that 

their transition moment directions relative the molecular orientation axis are different. 

This mixture of species unfortunately makes a quantitative assignment of the 

transition moment directions of the tC chromophore, from LD
r
 measurements, more 

difficult. 

 To estimate the orientation of tC in the PVA matrix, we use the fact that tC is 

structurally comparable to the DNA intercalator methylene blue. Previously, it has 

been concluded that methylene blue orients nearly like a rod-like molecule in PVA 

matrices.
50

 Further support of a rod-like orientation of tC is that the spectral profiles 

of the anisotropy and the LD
r
 would then be basically similar (equation 2, 3 and 6, 7), 

as is indeed found here. Thus, once we know the orientation parameter, Szz, we can 

use equation 7 to estimate the angle, i , between the electronic transition moments 

and the molecular orientation axis. Earlier, the principal orientation parameter, Szz, has 

been found to be 0.78 for methylene blue.
50

 A good estimate of the LD
r
 of the lowest 

energy transition of the tC monomer is obtained, using the value at the absorption 

maximum (26700 cm
-1

) namely LD
r
=1.27. This LD

r
-value for the tC monomer and 

the Szz adopted from methylene blue gives an angle between the lowest electronic 

transition moment and the molecular orientation axis, z, of 34. Furthermore, it is 

expected that the molecular orientation axis essentially coincides with the long-axis of 

tC (z, in Figure 1), suggesting that the lowest electronic transition has an angle of 

35 relative this axis. 

 The quantum chemical calculations give an angle between the long-axis in tC, z, 

and the S0S1 transition of -36 (in-plane angle as defined in Figure 1), in excellent 

agreement with experiment. This transition is mainly a HOMO-LUMO transition (CI 
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coefficient 0.92) with considerable charge transfer character. This charge transfer 

character originates from  

 

Figure 6. (a) Highest occupied molecular orbital (HOMO) and (b) lowest unoccupied 

molecular orbital (LUMO) of tC with an isosurface value of 0.05. 

 

the fact that the coefficients of the N1 nitrogen, C2 carbon, and the carbon between 

N10 and N1 of the HOMO are essentially zero (Figure 6a), whereas the LUMO is 

characterized by very low coefficients on the benzene ring (Figure 6b), thus giving 

rise to a substantial redistribution of charges. The ground state dipole moment is 7.02 

D, having approximately the same direction as the axis joining N1 and C6, whereas 

the dipole moment of the first excited state is 10.7 D, with approximately the same 

direction as the ground state dipole moment. 

 The first dip in anisotropy, going from low wavenumbers (Figure 5a), suggests that 

the second lowest absorption band has its low energy tail at 30000 cm
-1

. As 

mentioned above, the minimum at 33300 cm
-1

 indicates a transition that is directed 

30 relative the lowest energy transition. However, considering the overlap with 

transitions, mainly of higher energy, and the observation that the LD
r
 at 33300 cm

-1
 is 

lower than at 26700 cm
-1

, it is highly likely that the angle between this transition and 

a b 
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the lowest energy transition is considerably more than 30. The molecular orbital 

calculations predict that the transition second lowest in energy with significant 

oscillator strength (~ =35500 cm
-1

, f=0.238) is directed +37 (in-plane angle as 

defined in Figure 1) relative the molecular long-axis, z, thus in good agreement with 

both the anisotropy and LD
r
. At even higher energies the transition moment overlap is 

severe, but the anisotropy, LD
r
 and quantum chemical calculations all indicate that the 

third transition with significant intensity has an orientation that is closer to the lowest 

energy transition and also the molecular orientation axis, z. 
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Conclusions 

The following has been learnt from this photophysical characterization of the novel 

fluorescent DNA base analogue, tC: 

1. The neutral form of tC, i.e. the one being able to form Watson-Crick base 

pairs, is the totally predominant form in a large pH interval, 4-12. It is 

characterized by strong fluorescence, virtually invariant of nucleobase 

environment and therefore suitable for use as a biophysical probe of molecular 

dynamics and distance geometry. 

2. The lowest energy absorption, centered at 26700 cm
-1

, is well separated from 

the absorption of the nucleobases and has a transition moment polarized at an 

angle of approximately 35 to the long-axis of the tC chromophore. 
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Supporting Information 

S1. AM1 optimized structure of the neutral, base pairing form of 1,3-diaza-2-

oxopheno-thiazine, tC. (Numbering is not according to IUPAC) 

 

   Coordinates (Å) 

Number Atom Charge x y z 

1 C 0.499102 -7.35718 -1.06502 -0.51018 

2 N -0.18225 -7.40107 0.32093 -0.13673 

3 C 0.13146 -6.25547 0.97022 0.21671 

4 C -0.01853 -5.03785 0.32331 0.24756 

5 C 0.348815 -5.01823 -1.08123 -0.17038 

6 N -0.44267 -6.12495 -1.73993 -0.53985 

7 N -0.22226 -3.81382 -1.78105 -0.16075 

8 C 0.098008 -2.55616 -1.15767 -0.12781 

9 C 0.026654 -2.40115 0.18161 0.29397 

10 S -0.05055 -3.68336 1.15665 0.80515 

11 C -0.03648 -1.40995 -1.90246 -0.49129 

12 C -0.01689 -0.14947 -1.32342 -0.41834 

13 C -0.02769 0 0 0 

14 C -0.02179 -1.12108 0.74489 0.34494 

15 O -0.58669 -8.4433 -1.59791 -0.80528 

16 H 0.048503 -6.34392 2.03953 0.49222 

17 H 0.172669 -3.82813 -2.7292 -0.48015 

18 H 0.026305 -1.50897 -2.94633 -0.82722 

19 H 0.024681 0.73586 -1.91531 -0.69659 

20 H 0.023969 1.00058 0.45317 0.053 

21 H 0.023786 -1.01036 1.79318 0.66661 

22 H 0.181847 -8.27957 0.78773 -0.13912 
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