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Multiple emission of N-(1-naphthyl)-pyridinium
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Abstract

The trimethyl derivative of N-(1-naphthyl)-pyridinium shows temperature dependent multiple fluorescence. Quantum chemical calcula-
tions indicate that several minima on the S1-hypersurface are responsible for this behaviour. Locally excited, resonance-type charge shift
and biradicaloid charge shift states could be characterised. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Our investigations [1–3] of N-(1-anthryl)-pyridinium
ANTPy+ (Scheme 1) have shown that this cation exhibits a
weak fluorescence (λf = 526 nm, Φf = 0.033, τ f = 2.6 ns,
EtOH, 295 K) with a red-shifted structureless band at room
temperature but with a strong short-wavelength emission in
rigid matrix (anthracene-type fluorescence, λf = 397 nm,
τ f = 13.8 ns, EtOH, 77 K) and dual emission at intermedi-
ate temperatures.

The goal of our present investigations is the study of the
photophysics of an electronically closely related cation, the
naphtyl derivative N-(1-naphthyl)-pyridinium TMNTPy+
(Scheme 1) by steady and time resolved spectroscopy and
by semiempirical and ab initio calculations.

2. Experiment and calculation

2.1. Materials

TMNTPy+ was prepared in the form of the perchlorate
salt (anion ClO4

−) by known methods [4] and purified by
recrystallisation. The product was checked for purity by flu-
orescence after each recrystallisation step as in a previous
paper [3]. The solvent (ethanol) used was of spectroscopic
grade quality (Merck Uvasol).

2.2. Apparatus and methods

Absorption spectra were recorded with an ATI Unicam
UV2 spectrophotometer. Corrected fluorescence emission
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and fluorescence excitation spectra of solutions with an ab-
sorbance A = 0.02–0.06 were measured with a SLM AM-
INCO AB2 spectrofluorimeter.

Fluorescence quantum yields (±10%) were determined
using naphthalene as standard (Φf = 0.23, cyclohexane,
295 K [5]. Refractive index corrections were made [6] to
adjust for the different solvents used. The quantum yield
changes with temperature variation were corrected both with
respect to the refractive index [7] and density [8] changes
of the solvent.

The fluorescence lifetime measurements were performed
with a single-photon counting equipment using synchrotron
radiation from the Berlin storage ring BESSY in the single
bunch mode as the excitation source, as described elsewhere
[9]. The excitation wavelength (�λ = 20 nm) was chosen
at the maximum of the long wavelength absorption band
(270 nm, A = 0.1–0.4). Decay times were fitted using the
iterative reconvolution procedure which allowed a time res-
olution down to 0.1 ns and a precision of better than 0.1 ns.
Satisfactory fits (χ2 < 1.2) were obtained in all cases with
one, two or three exponential terms.

2.3. Calculational details

Ab initio calculations at the Hartree-Fock HF/6-31G∗
and the density functional theory with Becke3LYP correla-
tion (B3LYP/6-31G∗) were carried out for the cations using
the Gaussian 98 package [10]. The excited states were
calculated with single configuration interaction (CIS) of 25
occupied and 25 unoccupied orbitals. A full optimisation of
the ground and excited state potential minima was performed
and controlled by vibrational analysis (Hessian matrix).

Comparative semiempirical ground state calculations
were also carried out using AM1 [11] and PM3 [12]
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Scheme 1. The investigated pyridinium cations.

Hamiltonians with the aid of the AMPAC 5.0 package
[13]. The calculations of transition energies and oscillator
strengths were done using the CNDO/S–CI method with
interaction of 100 singly excited configurations and the
parameters sets described in [14] for the fully optimised
AM1 ground state structures. The ZINDO/S calculation
with single configuration interaction of 10 occupied and 10
unoccupied orbitals was carried out using the Gaussian 98
package [10].

3. Results and discussion

3.1. Absorption spectra of TMNTPy+

The absorption spectrum of TMNTPy+ has three low
energy bands (Fig. 1a and Table 1). The distinct long
wavelength absorption band at 36,500 cm−1 is typical in
position and intensity for various methyl substituted pyri-
dinium cations [15] and has a weakly pronounced vibra-
tional structure. A comparison with the vibrational structure
of naphthalene (Fig. 1b) shows that the absorption band
of the latter is considerably more structured. Similar to
N-phenyl-2,4,6-trimethylpyridinium [16] and ANTPy+ [2],
the most stable geometry of TMNTPy+ in the ground state
is a twisted one with the fragments in perpendicular planes
because of sterical hindering due to the methyl groups in
the 2,6 position of the heterocyclic ring. Therefore, the
absorption band at 36,500 cm−1 is a superposition of the
absorption bands of the fragment transitions with locally
excited nature. The positions of the other absorption bands

Table 1
Experimental absorption bands of TMNTPy+ (EtOH, 295 K) and calculated transitions (CNDO/S, ZINDO/S and HF/6-31G∗ with CIS)

�Ea (eV)–νf (cm−1) (experimental) Absorption transitiona

CNDO/S
Absorption transitiona

ZINDO/S
Absorption transitionb HF/6-31G∗-CIS

3.90–31450 sh 3.53 (0.0001) CSh 3.28 (0.0009) CSh 5.58 (0.0145) LE1Lb Naph
4.07 (0.0060) LE1Lb Naph 3.92 (0.0060) LE1Lb Naph 5.73 (0.1321) LE1La Naph

4.52–36500 4.41 (0.1453) LE1La Naph 4.32 (0.1275) LE1La Naph 5.85 (0.0003) CSh
4.44 (0.1062) LE Py+ 4.35 (0.0820) LE Py+ 6.25 (0.2877) LE Py+

5.63–45450 5.47 (0.3040) LE Naph 5.87 (0.8020) LE Naph –
5.57 (0.2490)

6.02–49020 sh 5.62 (0.1074) LE Naph 5.95 (0.2668) LE Naph –

a For the AM1 optimized ground state geometry of TMNTPy+.
b For the HF/6-31G∗ optimized ground state geometry of TMNTPy+.

Fig. 1. The absorption and corrected emission spectra of TMNTPy+ (a)
and naphthalene (b) in ethanol at 295, 136 and 77 K. The arrows indicate
two excitation energies which result in identical emission spectra.

at 45,450 and 49,100 cm−1 (shoulder) coincide with the
naphthalene bands (Fig. 1a and b) and have also a mixed
nature. A weak intensity absorption band with charge shift
CSh nature analogously as for ANTPy+ [1–3] lacks in the
spectrum of TMNTPy+ and is probably hidden below the
more intensive absorption bands.

3.2. Ground state geometry

Semiempirical (AM1 and PM3) and ab initio (HF/6-31G∗
and B3LYP/6-31G∗) calculations (Table 2) show that the
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Table 2
Some geometry characteristics of the S0 state optimized equilibrium
geometry of TMNTPy+ by AM1, PM3, HF/6-31G∗ and B3LYP/6-31G∗

Bond distance
(Å) and torsion
angle (◦)

AM1 PM3 HF/6-31G∗ B3LYP

N1–2 1.3814 1.3871 1.3583 1.3742
2–3 1.4023 1.3940 1.3733 1.3868
3–4 1.4023 1.3986 1.3910 1.4001
N1–7 1.4442 1.4635 1.4583 1.4643
7–8 1.3894 1.3815 1.3567 1.3770
8–9 1.4100 1.4076 1.4129 1.4133
9–10 1.3739 1.3717 1.3581 1.3764
10–11 1.4204 1.4193 1.4200 1.4205
11–12 1.4232 1.4228 1.4196 1.4206
12–13 1.3728 1.3682 1.3579 1.3760
13–14 1.4152 1.4143 1.4147 1.4152
14–15 1.3746 1.3696 1.3597 1.3780
15–16 1.4214 1.4213 1.4207 1.4211
16–7 1.4366 1.4293 1.4232 1.4248
4–N1–7 179.59 179.42 179.98 179.87
2–1–7–8 (αa) 86.57 89.83 89.90 89.85
βa 0.41 0.58 0.02 0.13

a For definitions of α and β see Figs. 2 and 3.

TMNTPy+ cation in the S0 state possesses a perpendicular
geometry (Fig. 2). The geometrical parameters determined
are very similar for the different methods (Table 2). The
cation fragments are perpendicular to each other and the
bond distances are alternating in a similar way for the various
methods.

3.3. Nature of the absorption band

Semiempirical calculations (CNDO/S, ZINDO/S and
HF/6-31G∗-CIS) were carried out for the fully optimised
ground state geometry and show that in fact the long wave-
length absorption band is composed by the superposition

Fig. 2. The fully optimized S0 geometry of TMNTPy+ and the atom
numeration.

of transitions having locally excited nature. The transitions
LE1La and LE1Lb (Table 1) are localised on the naphtha-
lene fragment and have polarisation’s along the long and
short axes of the fragment, respectively, as in unsubstituted
naphthalene. The transition LE is localised on the pyri-
dinium fragment and lies in the same energy range. The
CSh transition is of forbidden nature with charge shift from
the electron donor (naphthalene fragment) to the electron
acceptor (heterocyclic ring). The results obtained are analo-
gous to the results for ANTPy+ [2]. The transition energies
obtained with the ab initio method are considerably higher
than the experimental values and are estimated less reliable.
High quality ab initio calculations (CASSCF and CASMP2)
have been performed for small molecules [17] but are not
appropriate for the size of molecules studied here. The
semiempirical calculation results indicate that the lowest
energy transition has CT nature. In view of the ionic char-
acter of the molecule studied, the transition is, therefore,
termed charge shift (CSh). The weak absorption feature at
30,500 cm−1 (to the red of the naphthalene 0–0 transition)
may correspond to this forbidden CSh absorption. The short
wavelength bands of TMNTPy+ are mainly formed by the
local naphthalene transitions.

3.4. Fluorescence

The TMNTPy+ cation exhibits a weak (Φf = 0.07)
structureless emission band (νf = 22,070 cm−1) with
large Stokes shift (�νa–f = 14,430 cm−1) (ethanol, 296 K,
Table 3 and Fig. 1a) no matter where the excitation
occurs. This large Stokes shift is indicative of large geom-
etry changes in the S1 state, or of a strong change of the
electronic character.

Cooling of the solution shifts the fluorescence band mod-
erately to the blue (νf = 23,750 cm−1, νa–f = 14,430 cm−1,
EtOH, 136 K) and increases the fluorescence intensity (Φf =
0.18, EtOH, 150 K) (Table 3 and Fig. 1a).

At 77 K, the emission of TMNTPy+ is shifted to the
shorter wavelength range (νf = 28,010 cm−1) but the

Table 3
Maximum of the fluorescence banda (νf and �Ef ), Stokes shiftb (�νa–f ),
fluorescence quantum yield (Φf ) and decay time (τ f ) of TMNTPy+ at
various temperatures in EtOH

Fluorescence parameter 77 K 136 K 296 K

νf (cm−1) (�Ef (eV)) 28010 (3.47) 23750 (2.94) 22070 (2.74)
�νa–f (cm−1) 8490 12750 14430
Φf 0.7 ± 0.2c 0.18d 0.07
τ f (ns) 3.0 2.6e 2.3
τ r (ns) 4.3 ± 0.8 14.8 34.3

a Disregarding the vibrational structure for 77 K.
b Difference between absorption and fluorescence maximum.
c From an extrapolation of the temperature dependence of the fluores-

cence quantum yield.
d At 150 K.
e Average decay time of biexponential fit (Table 4).
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Table 4
Wavelength dependence of the fluorescence decay parameters of TMNTPy+ at various temperatures in EtOH

Temperature (K) Decay Parameter 25000 cm−1 23800 cm−1 22700 cm−1

303 τ (ns) 2.3 ± 0.1 2.3 ± 0.1 2.4 ± 0.1

143 τ 1 (ns) (A1) 1.39 (0.59) 2.03 (0.63) 2.39 (0.57)
τ 2 (ns) (A2) 3.12 (0.41) 3.62 (0.37) 3.50 (0.43)
〈τ 〉 (ns) 2.09 2.62 2.87

77 τ (ns) 3.0 ± 0.2 – 3.1 ± 0.2

Stokes shift with respect to the absorption maximum is still
large (νa–f = 8490 cm−1). The emission exhibits a weakly
pronounced vibrational structure resembling the napthalene
emission in the blue wing (Fig. 1). However, the main part
of the spectrum is considerably red-shifted as compared to
naphthalene. This broad fluorescence band at 77 K can be
interpreted by the simultaneous emission from two species
one of which corresponds to the naphthalene emission of
locally excited nature (structured component, Fig. 1a and b)
and the other one to a more redshifted unstructured compo-
nent. In contrast to TMNTPy+, ANTPy+ at 77 K has only
the anthracene-like emission [1,3].

3.5. Phosphorescence

At 77 K, TMNTPy+ exhibit a phosphorescence band with
a position and vibrational structure characteristic for the
phosphorescence of unsubstituted naphthalene (Fig. 1a and
b). The T1 state of TMNTPy+ is, therefore, localised on the
naphthalene fragment.

3.6. Fluorescence decay

The fluorescence decay at room temperature is single
exponential, corresponding to a moderately forbidden emis-
sion (τ r = 34 ns, Table 3). At lower temperature, the
fluorescence kinetics show multiexponential character,
depending on the emission wavelength (Table 4). Part of this
relaxation may be due to relaxation from the LE to the CS
state, and a further part of the relaxation can be attributed to
the time-dependent Stokes-shift of the CS-band, as observed
for other compounds with significant charge shift [18].

3.7. Excited state structures

In a search of the possible relaxed structures of the LE and
CSh excited states of the investigated N-naphtyl-pyridinium,
the compound DMNTPy+ lacking the methyl group in
4-position of the pyridinium ring is used as a model cation
of TMNTPy+ (Scheme 1).

The ab initio calculation (HF/6-31G∗-CIS) which used the
fully optimised S0 equilibrium geometry as a start geometry
resulted in a stable structure of LE character and with Cs
symmetry (Fig. 3). The geometrical parameters (Table 5) of
this structure are characterised by only insignificant changes

of bond distances as compared to the S0 state geometry (Ta-
ble 2). The transition is partially forbidden (f = 0.0196)
and is localised on the naphthalene fragment with a polar-
isation along the long axis of the fragment (Table 6). The
positive charge is localised on the pyridinium fragment.

In search of a twisted structure with a charge shift or
biradicaloid nature the fully optimized S1 geometry of the
N-phenylpyridinium cation [19] with a similar CS nature is
used as start geometry. The most significant feature of this
structure is a bent geometry of the pyridinium ring due to
pyramidalisation of the nitrogen atom. The bent ring can
have two possible arrangements with respect to the naph-
thalene fragment. The two calculated stable structures with
Cs symmetry 90A and 90B are shown in Fig. 3. They both
have a bent and 90◦ twisted geometry with increased bond
distances of N1–2 and N1–6 for the pyridinium ring and
of 7–8 and 16–7 for the naphthalene moiety in relation to
the distances of the LE structure (Table 5). The structures
90A and 90B are characterised by full charge shift from
the pyridinium to the naphthalene fragment (Table 6). The
transition to the ground state is polarised direct normally
to a line connecting the fragments (x-axis, Fig. 2). The dif-
ferent bending orientations of the pyridinium fragment in
structures 90A and 90B cause a slight difference of the state
energy and oscillator strength. The energy gap between the
S1 and the triplet state with a similar electronic configura-
tion is small (Table 6) indicating that each of these states
possesses a nearly isoenergetic triplet state, a characteristic
of biradicaloid charge transfer states [20].

The estimation of the radiative lifetime of the cation at
77 K (4.54 ns, Table 3) indicates that a relaxed S1 structure
with an allowed transition is also possible which leads to
the redshifted emission maximum (Fig. 1a). This property
can be realised in a geometry which permits the interaction
of the cation fragments. In search of such a structure, a
torsional angle 70◦ between the fragments and the bond dis-
tances of 90A were used as a start geometry for optimisation
in the S1 excited state. The calculations result in a stable
structure with strong charge transfer character (structure
CSh in Fig. 3) with a torsional angle 67.31◦ and bond dis-
tances very similar to the LE structure (Table 5). This struc-
ture is characterised by resonance between the two moieties
and an allowed transition (f = 0.2085) with a transition
energy 4.58 eV (Table 6). In contrast to the biradicaloid CSh
state the resonance CSh state has a large S1 − T1 energy
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Fig. 3. The fully optimized S1 equilibrium structures of DMNTPy+: LE (Cs symmetry), CSh (Cs symmetry), 90A (Cs symmetry) and 90B (Cs symmetry)
by HF/6-31G∗-CIS. The structures differ mainly by the value of twist (a) and bending (b) of the pyridinium group as well as by the transition moment
to the ground state and the amount of charge transfer to the pyridinium ring (see text).

Table 5
Some geometry characteristics of the T1 and S1 states optimized equilibrium structures of DMNTPy+ by HF/6-31G∗ with interaction of singly excited
configurations

Bond distance (Å) and twist or torsion angle (◦) T1 S1

LE LE CSh 90A 90B

N1–2 1.3573 1.3578 1.3907 1.4287 1.4244
2–3 1.3767 1.3769 1.3603 1.3598 1.3562
3–4 1.3832 1.3831 1.3960 1.4009 1.4026
N1–7 1.4563 1.4567 1.3907 1.4068 1.4002
7–8 1.4300 1.3894 1.4167 1.4177 1.4120
8–9 1.3544 1.4097 1.3741 1.3802 1.3763
9–10 1.4283 1.3898 1.3986 1.3862 1.3942
10–11 1.4035 1.4045 1.4028 1.4181 1.4057
11–12 1.4043 1.4042 1.4052 1.3948 1.4021
12–13 1.4353 1.3893 1.3914 1.3931 1.3926
13–14 1.3545 1.4060 1.3800 1.3825 1.3795
14–15 1.4285 1.3948 1.4033 1.3946 1.4036
15–16 1.4098 1.4015 1.3942 1.3980 1.3998
16–7 1.4011 1.4062 1.4289 1.4191 1.4208
4–N1–7 178.92 179.28 179.81 132.43 −148.54
2–1–7–8 89.20 89.56 67.31 69.05 103.21
αa 90.00 90.00 67.31 90.00 90.00
βa 1.08 0.72 0.19 47.57 −31.46

a For definitions of α and β see Fig. 3.
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Table 6
Characteristics of T1 and S1 states for different optimized equilibrium structures of DMNTPy+ by HF/6-31G∗-CIS

Characteristic T1 S1

LE LE CSh 90A 90B

Sum of electronic and zero-point energy (a.u.) −706.958746 −706.860555 −706.866470 −706.867162 −706.867572
Lowest vibrational frequency (cm−1) 52.7 45.4 30.0 31.1 30.8
Transition energy of S1 → S0 (eV) 2.185 5.147 4.583 3.807 4.180
Oscillator strength 0.0000 0.0196 0.2085 0.0066 0.0001
S1–Tn energy gap (eV) – 0.906a 1.977b −0.175a 0.024c

Charge of pyridinium fragment in S1 (S0) 0.54 (0.53) 0.53 (0.54) −0.02 (0.53) −0.08 (0.61) −0.15 (0.58)
Assignment LE (Naph) LE (Naph) Resonance CSh Biradicaloid CSh Biradicaloid CSh

a T3 state having equal electron configuration.
b T1 state having equal electron configuration.
c T4 state having equal electron configuration.

gap (1.98 eV) and the amount of charge transfer is compa-
rable to that of the biradicaloid CS 90A and 90B minima
(Table 6).

For the study of the T1 state, all the S1 state stable
structures were used as the start geometries. But after op-
timisation, all these structures relaxed to a common 90◦
twisted stable minimum (lowest vibrational frequency is
52.7 cm−1) geometry with Cs symmetry (Table 5) and small
charge shift. (Table 6). In contrast to the S1 locally excited
state, the T1 state geometry shows strong bond alternation
in the naphthalene fragment because the bond distances
7–8, 9–10, 12–13, and 14–15 are increased and the bond
lengths 8–9, and 13–14 are decreased (Table 5) but the
nature of the state is also LE. This result explains the very
good agreement between the phosphorescence spectra of
naphthalene and the TMNTPy+ cation (Fig. 1a and b).

4. Conclusion

The N-naphthyl-pyridinium cation shows multiple emis-
sion as a result of the formation of various equilibrium
structures in the S1 state. Three categories could be char-
acterised by combining lifetime experiments and quantum
chemical calculations: an S1 (LE) state with locally excited
character and weak charge shift, and two types of states
with strong naphthalene-to-pyridinium charge shift charac-
ter: (a) a resonance-type CS state with allowed transition
moment and partial twisting (ca. 70◦) and (b) two minima
of a biradicaloid CS shift state with orthogonal fragments
(90◦ twist) but bent geometry of the pyrimidinium ring and
characterised by a forbidden transition moment and a very
close lying triplet state.
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