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Abstract: The phenanthridinium chro­
mophores 5-ethyl-6-phenylphenanthri­
dinium (1), 5-ethyl-6-methylphenan­
thridinium (2), 3,8-diamino-5-ethyl-6-
methylphenanthridinium (3), and 3,8-
diamino-5-ethyl-6-( 4-N,N -diethylami­
nophenyl)phenanthridinium (4) were 
characterized by their optical and 
redox properties. All dyes were applied 
in titration experiments with a random­
sequence 17mer DNA duplex and their 
binding affinities were determined. The 
results were compared to well-known 
ethidium bromide (E). In general, this 
set of data allows the influence of sub­
stituents in positions 3, 6, and 8 on the 
optical properties of E to be elucidat­
ed. Especially, compound 4 was used to 
compare the weak electron-donating 
character of the phenyl substituent at 
position 6 of E with the more electron­
donating 4-N,N-diethylaminophenyl 

group. Analysis of all of the measure­
ments revealed two pairs of chromo­
phores. The first pair, consisting of 1 
and 2, lacks the amino groups in posi­
tions 3 and 8, and, as a result, these 
dyes exhibit clearly altered optical and 
electrochemical properties compared 
with E. In the presence of DNA, a sig­
nificant fluorescence quenching was 
observed. Their binding affinity to 
DNA is reduced by nearly one order of 
magnitude. The electronic effect of the 
phenyl group in position 6 on this type 
of dye is rather small. The properties 
of the second set, 3 and 4, are similar 
to E due to the presence of the two 
strongly electron-donating amino 
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groups in positions 3 and 8. However, 
in contrast to 1 and 2, the electron-do­
nating character of the substituent in 
position 6 of 3 and 4 is critical. The 
binding, as well as the fluorescence en­
hancement, is clearly related to the 
electron-donating effect of this sub­
stituent. Accordingly, compound 4 
shows the strongest binding affinity 
and the strongest fluorescence en­
hancement. Quantum chemical calcula­
tions reveal a general mechanism relat­
ed to the twisted intramolecular charge 
transfer (TICT) model. Accordingly, an 
increase of the twist angle between the 
phenyl ring in position 6 and the phe­
nanthridinium core opens a nonradia­
tive channel in the excited state that 
depends on the electron-donating char­
acter of the phenyl group. Access to 
this channel is hindered upon binding 
to DNA. 
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Introduction 

Planar polycyclic aromatic heterocycles ability to intercalate 
between two adjacent base pairs in duplex DNA was first 
proposed by LermanY] Among such intercalators, charged 
heterocycles are the most potent with respect to noncova­
lent stacking interactions. It is believed that the electrostatic 
energy plays an important role, not only for binding to nu­
cleic acids, but also for the intercalation process.f2,3] Accord­
ingly, quinolizinium and acridizinium dyes have been devel­
oped as powerful fluorescent probes that light up upon in­
tercalative binding to duplex DNA.[4,5] 3,8-Diamino-5-ethyl-
6-phenylphenanthridinium (Ethidium, E) represents the 
most prominent example of these positively charged hetero­
cyclic intercalators for DNA (Scheme 1), It is widely used as 
a fluorescent staining agent for nucleic acids due to the sig­
nificant emission increase upon binding to DNA or RNA, as 
intense research in the 1960's and 1970's revea1ed,[6] The 
phenanthridinium compounds, including E, had their origin 
in the search for antitumor,[7] as well as antiviral drugs,[8] 
and most importantly for trypanocidal drugs.l9,1O] However, 
the application in human therapy is not reasonable due to 
the significant mutagenic and carcinogenic properties of 
E.[ll] Thus, research has been focused on the development 
of phenanthridinium intercalators for fluorescent DNA ana­
lytics. Mono- and bifunctional derivatives have been synthe­
sized to modulate the binding properties of E.[l2] The photo­
chemical reactivity of E[l3] has been applied to study photo­
induced energy-transfer[14] and charge-transfer (CT) process­
es in DNA.[l5-17] We developed a protocol for the synthetic 
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Scheme L Ethidium (E), the phenanthridinium chromophores 1-4, and 
the DNA sequence that were used in this study. 

incorporation of the phenanthridinium heterocycle of E as 
an artificial DNA base through DNA building-block chemis­
try,[18] and applied these conjugates in charge-transfer ex­
periments[17] and for the investigation of DNA-protein com­
plexesY9] 

Understanding the unique intercalation and emission 
properties of E has been the aim of a number of intense 
studies.[1O,20-24] This is of high importance for the develop­
ment of new and improved fluorescent intercalators for mo­
lecular diagnostics with DNA and RNA. It has been pro­
posed that enhancement of the emission of E is due to a 
proton transfer to the excited state of E, which is prevented 
upon intercalation into duplex DNA.[20] It became clear that 
the amino groups in positions 3 and 8 of the phenanthridini­
urn heterocycle of E are involved in this proton transfer. 
However, there are some serious doubts about this early 
proposal. Especially with respect to the current model of 
the intercalated structure of E, it is not clear why the two 
amino groups, which point out of the DNA duplex in the di­
rection of the water layer, should be shielded from deproto­
nation. Early studies have shown that the exocyclic primary 
amino groups of E are not mandatory for the intercalation 
reaction, but that their presence adds stability to the com­
plex with a nucleic acidYl] NMR spectroscopy studies by 
Leupin et al. using 3- and 8-deaminoethidium revealed that 
the removal of the 8-amino group had little effect on the 
binding to DNA, whereas the removal of the 3-amino group 
greatly affected the intercalationP5] The most recent study 
by Tor and co-workers showed the influence of such modifi­
cations on the electronic structure of E.[26] This study includ­
ed 5-ethyl-6-phenylphenanthridinium (3,8-dideaminoethidi­
urn, 1) that was also previously described by othersP4,27-29] 

On the other hand, several theoretical chemical calcula­
tions have shown that the quaternization at position 5 adds 
significantly to the intercalation properties of phenanthri­
dines.[22-24] However, variation of the quarternizing group at 
position 5 has little or no effect on the intercalation proper­
ties.[1O,21] The stabilization energy of the cationic intercala­
tors is considerably larger than those of the uncharged 
equivalents. The electron-poor phenanthridinium core stacks 
with the relatively electron-rich DNA bases and interaction 
is dominated by dispersion energy. The CT character seems 
to be important.[22] Our studies with phenanthridinium incor­
porated as an artificial DNA base into oligonucleotides 
have also shown that the emission of this chromophore is 
slightly diminished in a G-C environment compared with a 
T-A environment, which might indicate a CT interaction, 
especially with the electron-rich guanines inside DNA.[lS] 

According to the mentioned studies,[1O·22-24] it looked rea­
sonable to synthesize phenanthridinium chromophores as 
derivatives of E to experimentally elucidate the role of the 
substituents with respect to the photophysical and DNA­
binding properties, as well as the concomitant fluorescence 
enhancement. Early and basic steps in the synthesis of phe­
nanthridinium derivatives were made by Walls and 
Morgan,[30] Watkins et al. ,[27,31] and Berg.[32] A variety of 
chemical modifications have been introduced synthetically 
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to the amino functions at positions 3 and 8.124,26-29,33,34] 

Herein, we present the characterization of 1, 5-ethyl-6-meth­
ylphenanthridinium (2), 3,8-diamino-5-ethyl-6-methylphe­
nanthridinium (3), and 3,8-diamino-5-ethyl-6-( 4-N,N-diethyl­
aminophenyl)phenanthridinium (4) with respect to their op­
tical and redox properties, Titration experiments with these 
intercalators and a 17mer DNA duplex (Scheme 1) allow 
the effects of the substituents in positions 3 and 8, but espe­
cially in position 6 of the core heterocycle on the DNA­
binding properties to be elucidated, Phenanthridinium 3 is 
structurally similar to desphenyl dimidium, which was pub­
lished by Waring and WakelinJlO] Derivative 4 was prepared 
to compare the weak electron-donating character of the 
phenyl substituent at position 6 of E with the stronger elec­
tron-donating 4-N,N-diethylaminophenyl group, which is 
similar to the published ethyl phenidium, but with the 3-
amino groupYO] Additionally, quantum chemical calculations 
were applied to investigate the effect of conformational re­
laxation on the efficiency of fluorescence enhancement 
upon intercalation into DNA. Accordingly, the difference in 
the fluorescence enhancement that was observed for E and 
4 can be rationalized by a twisted intramolecular charge­
transfer (TICf)-like modeL 

Results 

Optical properties of chromophores 1-4: The phenanthridi­
nium chromophores 1-4 were characterized by UV/Vis ab­
sorption and fluorescence spectroscopy and the spectra were 
compared with those of the commercially available and 
well-described E. With respect to the subsequent titration 
experiments with DNA, the optical characterization was 
performed in aqueous buffer solution (10 mM sodium phos­
phate, pH 7,0), The absorption spectra revealed two distinct 
classes of chromophores (Figure 1). 
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Fig!,re 1. UVIVis extinction spectra of the chromophores 1-4 in compari­
son with E (c=23 I'M in sodium phosphate buffer (10 mM, pH 7.0, T= 
20°C)). 

In comparison with E, the phenanthridinium dyes 1 and 2 
exhibit altered absorption maxima at 251/322/377 nm (1) 
and 250/315/369 nm (2). It is noteworthy that our experi-
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mentally determined extinction coefficients for chromo-
phore 1 (Table 1) are in good agreement with the published 
valuesY4] In contrast, the phenanthridinium dyes 3 and 4 

Table 1. Characterization of the chromophores E and 1-4 by absorption 
and fluorescence spectroscopy and summary of the titration experiments 
with DNA; sodium phosphate buffer (10 mM, pH 7.0, T=20°C) was used 
for all measurements. 

Absorption Fluorescence 
Without DNA WithDNA['J Without DNA WithDNA[,J 

2ma" e )~ma)( 6.Amax Amax <PF Amax .6.A max 

[nm] [M'1cm"] [nm] [nm] [nm] [nm] [nm] 

E['J 285 51950 _[hJ 615 O.Ol['J 601 14 
479 5420 522 43 

l[dJ 251 44250 _[hJ 420 0.24[~ 420 0 
322 7640 325 3 
377 4880 378 

2 250 42460 _[hJ 407 0.35[~ 407 0 
315 6640 320 5 
369 3830 369 0 

3[gJ 282 50830 _[hJ 599 0.02['J 583 16 
463 4640 503 40 

4[hJ 281 63310 _[hJ 616 (0.0001)[" 601 15 
486 8180 528 42 

[a] 213.6 flM DNA-bp for absorption, 109.3 I'M DNA-bp for fluorescence. 
[b] Not determined due to DNA absorption. [cl Published values:[33J 285 
(56800), 478 (5680); and 480 nm (6300M 1cm 1).IIOJ [d] Published 
values:[29J 251 (43040), 321 (7700), 377 nm (4770M 1cm 1). [e] Fluores­
cence quantum yield determined with rhodamine 101 as a reference[36J 
(<PF= 1.0). [f] Fluorescence quantum yield determined with quinine sul­
fate as a reference[36J (<PF = 0.546). [g] Compared with published values 
for desphenyl dimidiumyoJ 470 nm (4220M"cm-'). [h] Compared with 
published values for ethyl phenidium:[IOJ 430 nm (5.380M'1cm'1). [i] Fluo­
rescence quantum yield determined relative to E, but given relative to 
rhodamine 101. 

showed absorption maxima at 282/463 nm (3) and 2811 
486 nm (4) that are similar to E (285/479 nm), Moreover, 
chromophores 3 and 4 display absorption bands in the range 
460-490 nm due to the Cf character, similar to E. The ex­
tinction coefficient for chromophore 3 at 463 nm 
(4640M'Icm'I) is clearly lower than the corresponding value 
of chromophore 4 at 486 nm (8180 M-I cm'I) and E at 
479 nm (5420M Icm 1). 

The steady-state fluorescence spectra also reveal two dif, 
ferent classes of chromophores. Dyes 1 and 2 exhibit emis­
sion spectra with maxima at 420 and 407 nm, respectively 
(Figure 2). For both compounds, Stokes shifts of about 
40 nm are observed. In contrast, the fluorescence of chro­
mophores 3 and 4 show larger bathochromic shifts (in the 
range of 130 nm), which are characteristic for E. The emis­
sion maxima were observed at 599 nm (3), and 616 nm (4). 

Due to the optical differences between chromophores 1 
and 2, and dyes E, 3, and 4, different standards for the de­
termination of fluorescence quantum yields had to be used 
(see the Supporting Information)ys.36] Chromophores 1 and 
2 are both highly fluorescent in aqueous buffer solution, 
with quantum yields of 0.24 (1) and 0.35 (2), Compounds 3 
and 4 exhibit strong fluorescence quenching; the quantum 
yields are 0.01 (E) and 0.02 (3). The fluorescence quantum 
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Figure 2. Normalized UVNis absorption (gray lines) and fluorescence 
(black lines) spectra of chromophores 1-4 in comparison with E. Dashed 
lines: normalized absorption (c=23 j.lM); solid lines: normalized fluores­
cence (c =2.4 j.lM), in sodium phosphate buffer (10 mM, pH 7.0, T= 
20°C). 

yield of 4 was too low to be determined with rhodamine 101 
as the reference. To obtain a rough estimation, the quantum 
yield was determined relative to E and calculated to be 
about 100 times lower in aqueous buffer solution. 

Redox characterization: To characterize chromophores 1-4 
electrochemically, we measured the reduction potential by 
cyclic voltammetry. It is important to note that the reduction 
potentials of compounds 2 and 3 were obtained irreversibly. 
Chromophores 1 and 2 show reduction potentials of -1.34 
and -1.36 V, respectively (Table 2). When compared with E 
( -1.53 V), these potentials reflect the absence of the elec· 

Table 2. Electrochemical characterization of E and 1-4. 

Reduction E,j,[V]['] Eoo [cV] E* [eV][b] 

E+/E' -1.53 2.2 0.7 
1 +/1' -1.34 3.2 1.8 
2+/2' -1.36[0] 3.2 1.9 
3+/3' -1.67[0] 2.3 0.6 
4+/4' -1.62 2.2 0.6 

[a] Measured by cyclic voltammetry in MeCN (50 mM NBu,PF6 as the 
supporting electrolyte) versus Fc + IFc as internal standard (v = 

200 mVs .. 1). [b] Excited-state potentia Is, calculated according to E*(X+I 
X') = Eoo+ E'I,(X+/X').[37] [cl Irreversible potentials. 

tron-donating amino substituents, making 1 and 2 more 
readily reducible at less negative potentials. By using an Eoo 
value of 3.2 eV for both chromophores, the reduction poten­
tials of the excited state can be estimated as 1.8 eV (1) and 
1.9 eV (2).f37

] Hence, both chromophores exhibit excited­
state redox potentia Is that are significantly larger than that 
ofE. 

In contrast, the phenanthridinium chromophores 3 and 4 
showed reduction potentials of -1.67 and -1.62 V, respec­
tively, which are more negative than the corresponding 
value for E. When the Eoo values of 2.3 eV (3) and 2.2 eV 
(4) were included in the calculation, the excited-state poten-

tials of both chromophores were calculated to be approxi­
mately 0.6 e V. This value is slightly lower than that of E 
(0.7 eV), which means that the dyes 3 and 4 are less easily 
reduced than E. 

Titration experiments of chromophores 1-4 with DNA: To 
compare changes in the optical properties of chromophores 
1-4 with E upon binding to DNA, we performed titration 
experiments with a representative synthetic 17mer DNA 
duplex with a random sequence (Scheme 1). To avoid dilu­
tion of the analyte solutions, the titrant solutions contained 
DNA (for absorption: 357 J.LM DNA-bp, for fluorescence: 
192 J.LM DNA-bp) as well as the corresponding chromophore 
(for absorption: 23 J.LM, for fluorescence: 2.4 J.LM) in the same 
concentration as in the titrated solution. Aliquots (500!1L) 
of the chromophore solutions in Na-Pj-buffer were titrated 
in 5, 10, 20, 50, and 100 !1L steps. Measurements exclude the 
region of the DNA absorption below 300 nm. Since the in­
teraction with DNA also leads to significant changes in the 
absorption spectra of the chromophores, the excitation 
wavelengths for the fluorescence titrations were set to the 
corresponding isosbestic points, which were determined for 
each chromophore by spectrophotometric titrations. 

The following titration with E serves as a reference: The 
UVNis spectrum of E, in the absence of DNA, showed an 
absorption with a maximum at 479 nm, which is typical for 
"free" E in water (Figure Sl in the Supporting Informa­
tion).f3B] With increasing amounts of DNA, the maximum 
shifts to 522 nm, which is characteristic for intercalated 
E.[22,39] The isosbestic point at 510 nm shows the transition 
between the unbound and the DNA-bound form of the dye. 
Upon excitation at 510 nm, the corresponding fluorescence 
of E in water (Figure S3 in the Supporting Information) is 
weak and has a maximum at 615 nm. With increasing DNA 
concentration, the emission increases significantly and the 
maximum shifts to 601 nm. 

Subsequent titrations with 1-4 show two pairs of chromo­
phores, as already pointed out in the previous sections with 
respect to the optical and the redox properties. The absorp­
tion spectra of 1 (maxima at 322, 364 and 377 nm; Figure 3) 
and 2 (maxima at 315, 356 and 369 nm; Figure S2 in the 
Supporting Information) show a decrease in the extinction 
with DNA, accompanied by a rather small shift (3-5 nm) 
and a broadening of the signals. When excited at 388 (1) or 
378 nm (2), the fluorescence maxima can be observed at 420 
or 407 nm, respectively. The fluorescence of both chromo­
phores is quenched significantly in the presence of DNA (1: 
Figure 4, 2: Figure S4 in the Supporting Information), but 
the quenching is not accompanied by a shift of the corre­
sponding maxima. 

In contrast to 1 and 2, chromophores 3 and 4 exhibit an 
E-like behavior in the titration experiments with DNA. The 
absorption maximum of phenanthridinium 3 shifts from 
463 nm in the un bound form to 503 nm in the bound form 
(Figure 3); the absorption maximum of 4 shifts from 486 to 
528 nm (Figure S2 in the Supporting Information). The iso­
sbestic points at 492 or 510 nm, respectively, support the 
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Figure 3. Representative titration experiments of chromophores 1 and 3 
with DNA followed by UVNis absorption spectroscopy. Upper graph: 
spectrophotometric titration of double-stranded (ds)-DNA to 1 (c= 
23/LM) in sodium phosphate buffer (lOmM, pH 7.0, T=20°C); lower 
graph: spectrophotometric titration of ds-DNA to 3 (c=23 /LM) in sodium 
phosphate buffer (10 mM, pH 7.0, T = 20°C). Arrows indicate changes in 
the intensity of the bands upon increasing DNA concentrations. 
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Figure 4. Representative titration experiments of chromophores 1 and 3 
with DNA followed by fluorescence spectroscopy. Upper graph: fluori­
metric titration of ds-DNA against 1 (c=2.4 flM) in sodium phosphate 
buffer (10 mM, pH 7.0, T=20°C); lower graph: fluorimetric titration of 
ds-DNA against 3 (c=2.4 /LM) in sodium phosphate buffer (10 mM, 
pH 7.0, T=20°C). Arrows indicate changes in the intensity of the band 
upon increasing DNA concentrations. 

idea of a single transition from unbound molecules to DNA­
bound species. 

The fluorescence spectra of the phenanthridiniums 3 and 
4, in the presence of DNA, also show E-like profiles. In 
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both cases, the emlSSlOn intensity increases significantly 
when the chromophores are excited at 492 (3; Figure 4) or 
510 nm (4; Figure S4 in the Supporting Information). This 
fluorescence enhancement is accompanied by a shift of the 
corresponding maximum, in the case of 3 from 599 nm with­
out DNA to 583 nm with DNA, in the case of 4 from 616 to 
601 nm. 

In addition, an analysis of the spectrophotometric titra­
tions according to McGhee and von Hippel[40] (Figure S5 in 
the Supporting Information) was used to determine the as­
sociation constants (K) between the chromophores 1-4 and 
DNA, as well as the binding-site sizes (n; Table 3). For the 

Table 3. Binding constants and binding-site sizes of the chromophores E 
and 1-4 as determined from spectrophotometric titrations with DNA in 
sodium phosphate buffer (10 mM, pH 7.0, T=20°C). 

Compound Kx IOs [M-I][aJ n[bJ 

E 5.0 ±O.3[<·dJ 1.6±0.1[<J 
1 0.46 ± 0.05[dJ 2.8 ±0.2 
2 0.67±0.05 2.7 ±0.1 
3 3.1 ±O.4[<J 1.5 ±O.l[<J 
4 7.8±1.6[n 1.9 ±0.1 [n 

[a] K is the binding constant (in bp). [b] n is the binding-site size (in bp). 
[c] Compared with published values for E at higher salt concentration 
(lM NaCl):[lOJ K=1.99x10'M I, n=1.90. [d] Similar to published 
values.[43J [e] Compared with published values for desphenyl dimidium at 
higher salt concentration (1 M NaCl):[lOJ K = 1.13 x lO'M-I, 11 = 1.73. 
[f] Compared with published values for ethyl phenidium at higher salt 
concentration (1M NaCI):[lOJ K=9.63x 1O"M-" 11=1.87. 

titration of reference compound E with DNA, a binding 
constant of 5.0 x 105 M 1 and a binding-site size of 1.6 (in bp) 
was observed. Both values are in good agreement with the 
results published by Zimmermann and Pauluhn[41] and Hor­
owitz and Hud,[42] but are higher than the values reported 
by Waring and Wakelin,[IO] probably due to a lower salt con­
centration in our experiments. The binding constants for 
chromophores 1-4 again indicate two groups of chromo­
phores. For chromophores 3 and 4, the binding constants are 
in the lOSM- 1 range (3.1xl05 M· 1 for 3, 7.8x105 M-1 for 4). 
Remarkably, chromophore 4 exhibits a stronger binding to 
DNA than the reference E. The values found for chromo­
phores 1 and 2 (5xl04 and 7xl04Ml), however, are about 
one order of magnitude lower than that of E. Binding-site 
sizes were found to be in the range of 1.5-2.8 (in bp) for all 
chromophores, which is consistent with an intercalative 
binding mode according to the neighbor exclusion model. 

Discussiou 

The optical, redox, and DNA-binding properties of the phe­
nanthridinium dyes 1-4 reveal the electron-donating effects 
of the substituents in positions 3, 8, and especially 6, on the 
electron-poor phenanthridinium core system. It became evi­
dent from our optical and electrochemical characterization, 
as well as from the titration experiments with DNA, that 



the dyes can be divided into two pairs. The first pair (1 and 
2) lacks the two exocyclic amino groups in positions 3 and 8, 
chromophore 2 additionally lacks the phenyl group in posi­
tion 6. Compared with E, both chromophores have signifi­
cantly altered optical, electrochemical, and DNA-binding 
properties. As a result of the lack of CT contribution by the 
amino groups, both the absorption and the emission of 1 
and 2 occur at shorter wavelengths. The emission intensities 
in aqueous buffer solutions are higher (<1>p=0.24 for 1 and 
<1>p=0.35 for 2) compared with E (<1>p=O.Ol) and the 
Stokes' shifts are small (ca. 40 nm). It is important to point 
out that the minor difference of the optical properties be­
tween both chromophores can be attributed to the rather 
weak electron-donating character of the phenyl group in po­
sition 6 of 1, which is absent in 2. The observation that these 
differences between 1 and 2 are rather small indicates that 
electron donation by the phenyl group in position 6 is signif­
icantly weaker than the two exocyclic amines in positions 3 
and 8. 

In the DNA titration experiments with dyes 1 and 2, a 
strong fluorescence quenching was observed that was nearly 
identical for both chromophores (Figure 5, top). The electro­
chemical potentials of both chromophores give a possible 
explanation for this observation. As mentioned in the previ­
ous section, the excited-state potentials can be estimated to 
have values of approximately 1.8 (1) and 1.9 eV (2). The po­
tential for the oxidation of guanine (0+'/0) is 1.3 V versus 
NHE.l43] By using a correction value of -0.63 V from the 
NHE to FclFc+ (Fc=ferrocene) reference,[44] the corre­
sponding guanine potential is approximately 0.7 V versus 
Fc!Fc+. This means that both phenanthridinium dyes, 1 and 
2, are potentially able to photooxidize guanines in the 
DNA. Such photoinduced processes between organic dyes 
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Figure 5. Titration curves for the spectrofluorimetric titrations of ds­
DNA to E and chromophores 1-4; c=2.4 J.lM in sodium phosphate buffer 
(10 mM, pH 7.0, T=20°C). 

and the bases are often observed[45] and have been widely 
used to study CT in DNA.[46] 

In contrast to the first pair, the second pair of chromo­
phores (3 and 4) exhibits similarities with E due to the pres­
ence of the two amino groups in positions 3 and 8, yielding 
more electron-rich compounds. It is important to emphasize 
that the observed differences between 3, 4, and E can be as­
signed solely to the different substituents at position 6. Dye 
3 lacks the weak electron-donating phenyl group completely, 
whereas dye 4 has the significantly stronger electron-donat­
ing 4-N,N-diethylaminophenyl group. The increasing elec­
tron-donating character of the substituents in position 6 
orders the chromophores by their optical properties. The ab­
sorption maxima shifts from 463 (3) through 479 (E) to 
486 nm (4), the emission maxima shifts from 599 (3), 
through 615 (E) to 616 nm (4), and the fluorescence quan­
tum yield decreases from 0.02 for 3 to 0.01 for E; the fluo­
rescence intensity of chromophore 4 is about 100 times 
lower than for E (in fact, <1>F of 4 was too low to be deter­
mined by standard methods). Clearly, the CT contribution 
in these dyes increases with the electron-donating character 
of the substituent in position 6. This will be further discussed 
based on quantum chemical calculations in the next section. 

In contrast to the optical properties, the redox potentials 
of chromophores 3 and 4 do not follow such a clear trend. 
Both potentials (-1.67 V for 3; -1.62 V for 4) were more 
negative than that of E. It is generally assumed that the pho­
toexcited state of E cannot oxidize guanines[47] and, based 
on the calculated excited-state potential of 0.6 e V as men­
tioned in the previous section, neither compound 3 nor 4 
should be able to photooxidize guanines in DNA. 

Luedtke et al. recently reported that the aromatic nitro­
gen and some carbon atoms of E have surprisingly high 
electron densities)26] This means that electron donation by 
the two exocyclic amines of E has a significantly larger 
effect compared to the electron-withdrawing influence of 
the endocyclic iminium core. The results of our experimen­
tal study on the substituent effects in chromophores 1-4 pre­
sented herein, strongly support this interpretation. Com­
pared to chromophores 1 and 2, the most notable differen­
ces between the chromophores 3, E, and 4, are the signifi­
cant bathochromic shift of the absorption spectra and the re­
markable increase in the fluorescence intensity that is 
observed during the titration experiments with DNA 
(Figure 5, bottom). When excited at the corresponding iso­
sbestic point, as revealed by the spectrophotometric titra­
tions, the dye 3 exhibits an approximately 7-fold increase in 
fluorescence intensity, which is lower than the 10-fold in­
crease observed with E; in contrast, dye 4 shows a 2l-fold 
increase. There is clearly a relationship between the sub­
stituent in position 6 of the phenanthridinium core and both 
the quantum yield in buffer (without DNA) and the fluores­
cence enhancement upon addition of duplex DNA. With in­
creasing electron-donating character of the substituent in 
position 6, the fluorescence enhancement is more strongly 
pronounced in the presence of DNA, whereas the basic fluo­
rescence without DNA is quenched more strongly. This can 
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be explained by a TICT-like model as described in the next 
section. According to this model, the nonradiative channel 
in the excited-state, which leads to the small fluorescence 
quantum yield in solution without DNA, is more pro­
nounced with a stronger electron-donating substituent in po­
sition 6. Access to this channel involves a twist of the phenyl 
ring against the plane of the phenanthridinium core. The 
necessary angular relaxation occurs in solution without 
DNA, but is hindered by intercalation in the presence of 
DNA, leading to the fluorescence enhancement. 

Additionally, the binding constants that were determined 
for chromophores 1-4 with DNA reflect the strong influence 
of the electron-donating exocyclic amino groups. Similar to 
E, the binding constants of 3 and 4 are in the 105 M-I range 
(3.1-7.R x 105 M-I), whereas the values for 1 and 2 are re­
duced by nearly one order of magnitude (5-7 x 104 M 1). 
Moreover, parallel to the reduction of the binding affinity of 
1 and 2, the binding-site sizes are significantly enhanced 
(2.7-2.8 base pairs) compared with those of E, 3, and 4 (1.5-
1.9 base pairs). The binding constants for E, 3, and 4 are in 
a similar range to those observed for phenanthridinium-nu­
cleotide conjugates (logK =5.5-6.0))48) Furthermore, the 
binding affinity of chromophores 3, E, and 4 increases con­
comitantly with the enhanced electron-donating character of 
the phenyl substituent in position 6. Accordingly, dye 4 
shows the strongest binding affinity. Hence, the binding af­
finity, as well as the fluorescence enhancement, is clearly re­
lated to the overall supply of electron density in the phenan­
thridinium heterocycle by the corresponding electron-donat­
ing substituents, not only in positions 3 and 8. It is remark­
able that, according to our studies, the electron-donating 
character of the phenyl ring in position 6 of the phenanthri­
dinium core is also crucial, especially in the presence of 
DNA. This observation is supported by quantum chemical 
calculations. 

Quantum chemical calculations: The results showing fluo­
rescence enhancement upon intercalation with DNA in 
Figure 5 indicate that the efficiency increases in the order 
3 < E < 4. It is possible that for E a conformational relaxa­
tion of the phenyl plays some role for this efficiency. This 
led us to look for a generally applicable mechanism whereby 
conformational relaxations of the substituted phenyl groups 
play a decisive role in the fate of the excited state. 

A long-standing observation is the vastly different fluores­
cence quantum yield of rhodamine dyes (very large quan­
tum yield) and their counterparts in which the bridge be­
tween the dialkylanilino groups is missing, such as in mala­
chite green (MG) or crystal violet (CV) derivatives (ex­
tremely small quantum yield in fluid solvents). In the latter 
group, the quantum yield is strongly enhanced if the twisting 
relaxation is hindered by the medium (e.g., in highly viscous 
solutions).[49.s0) Clearly, the possibility of twisting an anilino 
group in these compounds creates a strong nonradiative 
channel. It has been proposed that the mechanism of this 
nonradiative channel is connected to a CT process,J5O-S2) that 
is, the channel is only introduced if the group that can be 
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twisted is a sufficiently good electron donor. This has been 
highlighted in a rhodamine derivative with a flexible dialkyl­
anilino group, with the expected fluorescence quenching oc­
curring with high efficiency. If the dialkylanilino group is 
protonated and transformed into a weak acceptor, the 
quenching channel is blocked, and the quantum yield in­
creases by a factor of 290.J53

) 

This mechanism is closely related to the TICT theory of 
excited states in which CT and twisting are combined and 
.the maximum CT is observed for the perpendicular confor­
mation. In some cases, dual fluorescence can arise, whereas, 
in other cases, only the fluorescence quenching of the pre­
cursor state is observed; this could be induced by the relaxa­
tion of the pending donor group towards the perpendicular 
conformation)SI.s2) Applying this mechanism to the group of 
phenanthridinium compounds investigated herein, we can 
predict that if the phenyl group in E is exchanged for a 
better donor, such as a dialkylanilino (D) group, a low-lying 
excited CT state may also come into energetic reach and, 
possibly, enhance the fluorescence quenching observed for 
E in fluid solutions. Just as in the case of the di- or triphe­
nylmethane dyes (e.g., MG and CV), inhibition of the twist­
ing relaxation of the D group slows down the nonradiative 
channel. A simple explanation for the very strong fluores­
cence enhancement observed for 4 in DNA is therefore that 
this CT mechanism is partially involved, and that the relaxa­
tion is (partially or completely) blocked in the DNA envi­
ronment. 

To test this hypothesis, we performed quantum chemical 
calculations on model structures of E, 3, and 4, as well as on 
an additional derivative 5 (Scheme 2), which is predicted 
from the model to show a stronger enhancement of this CT 
quenching mechanism. In the first step, we used semiempiri­
cal AMlIZINDO calculations to compare the four com-

NH2 

E(M) 3(M) 

4(M) 5(M) 

Scheme 2. Structures of the model compounds used for the quantum 
chemical calculations. 



pounds. In the second step, the high-level ab initio method 
DFf was used to confirm these results. These demanding 
calculations could only be performed for one compound; in 
this work we chose to investigate compound 4. 

Table 4 shows that our calculations for the ground-state 
equilibrium geometry indicate a good agreement between 
the calculated transition energy and the experimental results 

Table 4. Comparison of experimental and calculated spectral characteris­
tics of some ethidium derivatives.!'J 

Experimental structure E 3 4 
Calculated model structure E(M) 3(M) 4(M) 5(M) 

expo fluorescence enhancement 10 7 21 nd 
/',EO! (exp.) reV] 2.6 2.7 2.6 nd 
/',EOl (eq, calcd) [e V] 2.61 2.55 2.53 2.46 
extinction coefficient [M-' cm -'] 5420 4640 8180 nd 
oscillator strength f (calcd) 0.29 0.24 0.42 0.41 
equilibrium twist angle <I> (eq, calcd) [0] 84 67 64 
So barrier to 90° [cm'] 22 32 137 
/',EO! (90°, calcd) reV] 2.59 2.65[bJ 2.52['J 
/',ECT- LE (90°, calcd) [eV][dJ 0.95 0.01 -0.12 

[a] Ground-state geometry optimizations were performed by applying the 
AMI method. Excited-state characteristics (transition energies /',EO! and 
energy differences derived thereby, as well as oscillator strengths, j) were 
calculated by using ZINDOfs for the AMl-optimized ground-state struc­
ture. Determination of the nature of the excited states involved an analy­
sis of the orbitals and the configuration interaction matrix. [b] S, (LE) 
and S2 (CT) are nearly degenerate. [cl S, (CT), S2 (LE). [d] Energy differ­
ence from S, (CT) to the next higher (LE) state. nd: not determined. 

for the absorption band maximum; the calculations also 
allow the localized nature of the lowest lying excited-state 
SI to be confirmed. The calculated oscillator strength in­
creases in the same order as the experimental extinction co­
efficients (3(M) < E(M) < 4(M». 

If the 90° twisted conformation is considered, either full 
CT from the D group to the phenanthridinium group (P) is 
possible, or the electron of the donor does not leave D, and 
the distribution of the positive charge rests as it is (localized 
on P). In this case, the corresponding excited state is termed 
locally excited (LE). When the LE and CT states are com­
pared, the positive charge is localized on different parts of 
the molecule; hence, the CT process leading from LE to CT 
is connected with a change of localization of the positive 
charge on the donor D, corresponding to a charge shift to­
wards D. If an excited eT state is within energetic reach on 
the SI hypersurface, it can be populated from the initially 
reached equilibrium LE state in which the positive charge is 
largely localized on the P moiety and leads to fluorescence 
quenching as discussed below. 

The large charge shift in the CT state also causes an 
energy lowering in polar solvents. This can be explained in 
the following way: Any distribution of charges in a positive­
ly charged system, such as 4, can be developed into a multi­
pole expansion,[54] in the simplest case, comprising a monop­
ole and a dipole. The dipolar component leads to an addi­
tional energetic stabilization by polar solvents. We can 
therefore expect that the gas-phase energy values calculated 

herein for the eT state are significantly lower in polar sol­
vents due to the solvent interaction with the positive charge. 
This lowering is larger for the CT than for the LE state due 
to the additional dipolar contribution for the eT state. The 
consequence is that the CT state becomes energetically 
more easily accessible from the LE state and, as a result, an 
increase of the fluorescence quenching with increase of sol­
vent polarity is expected. Experimentally, this has been stud­
ied in detail for a derivative of 4, in which the P moiety is 
exchanged for a pyridinium group.f55

] The quantum chemical 
results obtained for this molecule are similar to those of 4, 
that is, a CT state with full charge localization can be 
reached by angular relaxation to 90° twiSt.[56] 

The results of the DFf calculations (Figures 6 and 7) for 
4(M) confirm the full CT nature of the excited state at the 
orthogonal geometry, with full localization of the positive 
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Figure 6. Qualitative scheme of the ground (So) and excited states (stC 

and TtC
) for 4(M). The energies of the states are calculated by B3LYP 

(ground states) and TDB3LYP (excited states), with basis set 6-31 +G­
(2df,2p) for the optimized equilibrium (left) and orthogonal (right) struc­
tures of 4(M). Absolute energies are given in Hartree units, energy differ­
ences in eV. Values in parenthesis are calculated oscillator strengths. 

charge on the donor moiety, consistent with the TICT 
model. Such a CT state is connected with 1) a strong charge 
shift; 2) a vanishing transition moment, causing a very small 
oscillator strength as well as emissive rate constant; 3) a 
large nonradiative rate constant, causing strong fluorescence 
quenching; 4) a very close-lying CT triplet state that can 
also cause fast depopulation of the excited singlet state. The 
three factors 2), 3), and 4) reduce the fluorescence quantum 
yield by intrinsic photophysical processes of the twisted CT 
state, factor 1) leads to an energetic lowering of CT in polar 
solvents, resulting in a larger population of this state. The 
control parameters for the fluorescence quenching (or en­
hancement) are the polarity of the medium and the possibil­
ity of the twist relaxation, which is influenced by the rigidity 
of the surroundings. 

Figure 6 shows that the relaxation from LE to CT is ener­
getically favorable, and that the energy gap to the ground 
state and the first triplet state is reduced, causing enhanced 
nonradiative deactivation for CT. Moreover, as expected by 
the TICT model, a higher lying triplet state of CT nature is 
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isoenergetic with the CT singlet state at 90°. In contrast to 
CT, the positive charge remains on the phenanthridinium 
fragment (:n;:n;* state) for a pure LE state. For the equilibri­
um geometry (stC state), some charge is transferred to D 
due to weak CT :n; interactions, but the main character is 
LE. This can be seen in the frontier molecular orbitals for 
this geometry, which are somewhat delocalized (Figure 7). 
For the 90° geometry, however, the orbitals involved in the 
excitation (Figure 7) are localized on the P and D moieties 
and confirm the full CT nature, which causes the vanishing 
oscillator strength and large charge shift. 

Figure 7. The HOMO and LUMO orbitals determining the main elec­
tronic configuration of the S/c excited state for the optimized equilibri­
um (62.6° twist, left panel) and orthogonal (right panel) geometries of 
the cation 4(M). For the orthogonal geometry, a full electron leaves the 
donor moiety D towards P upon HOMO-LUMO excitation (er state), 
and the positive charge is transferred in the opposite direction towards 
D. For the equilibrium geometry, this charge shift is reduced due to orbi­
tal delocalization (left panel). 

Comparison of the four compounds listed in Table 4, 
using the AMI and ZINDO methods, indicate that this com­
bined method overestimates the energy of the CT state with 
respect to that of the LE state, compared with the DFT 
method, however, the energetic distance is still small 
enough for thermal population. 

In 5(M), the CT state is expected to be further lowered in 
energy with respect to the LE state due to the better donor 
character of the julolidino group than the dimethylanilino 
group in 4(M); the calculations confirm these expectations. 
CT is the lowest excited state at 90°, with a gap of 0.12 eV 
to the next (LE) state. For E(M), with the phenyl group as a 
very weak donor, the CT energy is very high and this mecha­
nism plays a reduced role. In solution, the LE-CT energy 
gap will be somewhat modified with respect to our gas­
phase calculations by the influence of the polar solvent. 

In summary, five possible factors controlling the fluores­
cence enhancement on the basis of a TICT state can be dis­
cussed: The population of CT is controlled by 1) the rigidity 
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of the medium, allowing the twisting relaxation, and 2) by 
the energetic availability of the CT state, which is controlled 
by the donor strength and the medium polarity. The fluores­
cence quantum yield reduction in the CT state can occur by 
I) the intrinsically very small radiative rate constant of this 
state; 2) by an enhancement of the nonradiative rate con­
stant generally observed for TICT states and explainable by 
the reduction of the SI-SO energy gap, and 3) by a triplet 
state that is energetically similar. On the basis of the calcu­
lations summarized in Table 4, we can predict that a com­
pound related to 5(M) could give rise to an experimental 
fluorescence enhancement even larger than that of 4. 

Conclusion 

To elucidate experimentally the role of the substituents in 
positions 3, 8, and especially 6 of the core heterocycle of E 
with respect to the photophysical and DNA-binding proper­
ties, we synthesized and analyzed phenanthridinium chromo­
phores 1-4 experimentally as well as theoretically, and com­
pared them with E. The optical and electrochemical proper­
ties, as well as the DNA titration and binding experiments, 
reveal two chromophore pairs. The first pair, consisting of 
dyes 1 and 2 and lacking the amino substituents in posi­
tions 3 and 8, exhibits clearly altered optical and electro­
chemical properties than those of E. A significant fluores­
cence quenching of these compounds is observed in the 
presence of DNA. Their binding affinity to DNA is reduced 
by nearly one order of magnitude. The electronic effect of 
the phenyl group in position 6 on this type of phenanthridi­
nium dye is rather small. 

The optical and redox properties of the second set of 
chromophores, 3 and 4, are similar to E. It is known that the 
presence of the two electron-donating amino groups in posi­
tions 3 and 8 of the phenanthridinium heterocycle has a sig­
nificant electronic influence and supplies electron density to 
the endocyclic iminium core. However, it is important to 
note that, in contrast to compounds 1 and 2, the electron­
donating character of the phenyl ring in position 6 of chro­
mophores 3 and 4 is additionally critical for the characteris­
tic and unique fluorescence behavior of these dyes, especial­
ly in the presence of DNA. The binding, as well as fluores­
cence, is clearly related to the electron-donating character 
of this substituent. Accordingly, dye 4 shows both the stron­
gest binding affinity and the strongest fluorescence enhance­
ment. This is a remarkable result and is of potential interest 
for the future design of fluorescent probes for nucleic acids. 
Quantum chemical calculations reveal a general mechanism 
that is based on TICT-like states. A CT state can be reached 
by twisting the phenyl ring in position 6 towards 90° with re­
spect to the phenanthridinium core. The properties of this 
TICT-like excited state are such that fluorescence quenching 
occurs. The energetic availability of the CT state depends on 
the electron-donating character of the phenyl group and 
changes upon binding to DNA. Moreover, the rigidity of 
DNA hinders the formation of CT. This mechanism repre-



sents an important addition to the previous proposal of pro­
tonation in the excited state and can help to optimize the 
performance of the fluorescence enhancement factor of 
future fluorescent probes for nucleic acids. 
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