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The lowest excited triplet (T;) states of 2,2’-bipyridine (BPY), 6,6'-dimethyl-2,2’-bipyridine (DMBPY),
2,2'-biquinoline (BQ), 2-phenylpyridine (2-PPY), 3-phenylpyridine (3-PPY), 4-phenylpyridine (4-PPY),
quinoline (QN) and isoquinoline (iso-QN) have been studied through measurements of the phospho-
rescence and EPR spectra in 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM][PFs]) and in

ethanol. BPY, DMBPY and BQ have the trans conformation in the ground (G) and Ty states in [BMIM][PFg]
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and in ethanol. Although only neutral forms of BPY, DMBPY, BQ and 4-PPY were observed in ethanol,
their singly protonated cations were observed in [BMIM][PFg] in the G and T; states. In the T; states, the
solvent effects of [BMIM][PFs] on the electron spin distributions of the aza-aromatics studied and their
singly protonated cations are small.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

2,2'-Bipyridine (BPY) and 2,2’-biquinoline (BQ) are typical
bidentate chelating agents for metal ions. The photophysics and
photochemistry of complexes of BPY are under active investiga-
tion [1,2], with particular interest being taken in their application
to solar-energy-conversion schemes [3]. The properties of BPY and
BQ are closely related to their conformations. The trans and cis
conformations are possible in BPY and BQ, as shown in Fig. 1. In solu-
tions or in the crystalline states, the stable conformation of these
metal-free ligands is trans, whereas in their metal complexes cis is
preferred [4,5]. The Zn%* complex with BPY has a very high quantum
yield of fluorescence, while metal-free BPY has been considered to
be nonfluorescent or very weakly fluorescent [6,7]. It is difficult to
determine whether the observed change in the fluorescence prop-
erty is due to the intrinsic effect of the coordination to Zn2* ions or
to the conformational change. The lack of data on the metal-free cis
conformers of BPY and BQ leaves the question open, although the-
oretical calculations predict a rather small barrier for the trans—cis
conformational change of BPY in the ground (G) state [8,9]. How-
ever, we have succeeded, by using a 2-propanol-water mixture as
a host, in observing the luminescence and electron paramagnetic
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resonance (EPR) spectra originating from the metal-free cis con-
formers of BPY, 6,6’-dimethyl-2,2’-bipyridine (DMBPY) and BQ at
77K [6,10,11].

BPY and BQ are typical aromatic bases and the acid-base
equilibria of the excited states of aza-aromatics have attracted
considerable interest for many years [12-14]. The influence of pro-
tonation on the lowest excited triplet (T;) states of aza-aromatic
bases has been studied through EPR [15-20], optically detected
magnetic resonance [21] and other optical techniques.

In the present work, we have determined the stable confor-
mations of BPY, DMBPY and BQ in an ionic liquid, 1-butyl-3-
methylimidazolium hexafluorophosphate ([BMIM][PFg]). We also
have observed the singly protonated cations in the ionic liquid for
BPY, DMBPY, BQ and 4-phenylpyridine (4-PPY) (Fig. 2), although
only their neutral forms are observed in ethanol (EtOH). The effects
of conformation and protonation on the zero-field splitting (ZFS)
parameters of the T states of the aza-aromatics are discussed.

2. Experimental
2.1. Materials

BPY, DMBPY, BQ, 2-phenylpyridine (2-PPY), 3-phenylpyridine
(3-PPY), 4-PPY, quinoline (QN) and isoquinoline (iso-QN) were pur-
chased from Tokyo Kasei Co. BPY and DMBPY were purified by
sublimation in vacuo. BQ was purified by recrystallization from
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Fig. 1. Molecular structures and principal axes (x, y, z) of the ZFS tensors chosen for conformational isomers of BPY, DMBPY and BQ and for their singly protonated cations.

ethanol, followed by sublimation in vacuo. 2-PPY, 3-PPY and 4-PPY
were purified by several recrystallization from water. QN and iso-
QN were purified by the same method as reported in Ref. [22]. EtOH
(Wako S. S. Grade) was used without further purification.

[BMIM][PFg] was prepared by a standard procedure [23]. A col-
orless ionic liquid was obtained. We also prepared 1-butyl-2,3-di-
methylimidazolium tetrafluoroborate (|[BDMIM][BF4]) and 1-butyl-
2,3-dimethylimidazolium bis(trifluoromethanesulfonyl)imide
([BDMIM][TESI]) by the method described in the literature [24]
in order to elucidate the source of the proton of the protonated
species. The water content of the ionic liquids determined by the
Karl-Fisher technique was about 90 ppm. [BMIM][PFg] with a glass
transition at T = 196 K forms a glass with a high cracking frequency
at 77K [25].

The concentrations of sample solutions were 1 x 10~4 moldm—3
for BQ in EtOH-H,S0,4 and 1 x 10-3 moldm—3 for the other solu-
tions.

2.2. Measurements

The UV absorption and fluorescence spectra were measured
with a JASCO V-550 spectrophotometer and a JASCO FP-6500 spec-
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trofluorometer, respectively. For the phosphorescence and EPR
measurements, samples were excited with an Ushio 500 W Hg lamp
equipped with an Asahi Technoglass UV-D33S glass filter, 5cm of
distilled water and a Copal DC-494 electromechanical shutter. For
the phosphorescence measurements, the emissions from a sam-
ple were passed through a Jobin Yvon H-20UV spectrometer and
detected by a Hamamatsu Photonics R453 photomultiplier tube.

The EPR spectra were measured at 77K by a JEOL-JES-
FE1XG spectrometer with 100 kHz magnetic field modulation at
microwave frequencies close to 9.2 GHz. The static magnetic field
was calibrated with an Echo Electronics EFM-2000AX proton NMR
gauss meter.

3. Results
3.1. Optical properties

We took care to make [BMIM][PFg] free from impurities because
high pure ionic liquids are required for the optical and EPR measure-
ments. The UV absorption spectrum of neat [BMIM][PFg] at 25°C

is shown in Fig. 3d. The absorbance due to [BMIM][PFg] in a 0.1-
cm path length cuvette varies 0.099 at 250 nm, 0.024 at 300 nm,
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Fig. 2. Molecular structures and principal axes (x, y, z) of the ZFS tensors chosen for 2-PPY, 3-PPY, 4-PPY, QN and iso-QN and for their protonated cations.
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Fig. 3. UV absorption spectra of BQ and BQH* (a) in EtOH (dotted line), (b) in
H,S04-EtOH (1.3 wt% of H,S04) (broken line) and (c) in [BMIM][PFs] (solid line)
at 25°C. (d) UV absorption spectrum of neat [BMIM][PFs] (inset) at 25 °C.

0.0011 at 350 nm and 0.0007 at 400 nm, suggesting a good trans-
parency in the ultraviolet and visible spectral region. On the other
hand, Kato reported that no absorption signals were seen at wave-
lengths longer than 300 nm for pure [BMIM][PFg] [26]. This shows
that the absorption tail observed in the present work is caused by
some impurities. However, all solvents were carefully checked for
the absence of an extraneous fluorescence, phosphorescence and
EPR signals before use under our experimental conditions. This is
due to the fact that aza-aromatics studied are strongly luminescent
and their T;-state EPR signals are very strong in [BMIM][PFg] at
77K.

The UV absorption spectra of BPY, DMBPY, BQ, 2-PPY, 3-PPY,
4-PPY, QN and iso-QN were measured at 25°C in EtOH-H;SO04
mixtures with various H,SO4 concentrations and in [BMIM][PFg].
Fig. 3 shows the UV absorption spectra of BQ measured at 25°C
in EtOH, EtOH-H,S0,4 and [BMIM][PFg]. The observed spectrum
(Fig. 3b) of BQ in EtOH-H,S04 (1.3 wt% of H,SO4) was attributed to
its singly protonated cation (BQH™). As is seen in Fig. 3c, the spec-
trum observed in [BMIM][PFg] is attributed to the spectrum of the
mixture of BQ and BQH*. This assignment is confirmed by EPR mea-
surements as described below. In the same manner as for BQ, the
coexistence of aza-aromatics with their singly protonated cations
in [BMIM][PFg] was observed for BPY, DMBPY and 4-PPY.

The emission spectra of BPY, DMBPY, BQ, 2-PPY, 3-PPY, 4-
PPY, QN and iso-QN were measured in EtOH, EtOH-H;SO4 and
[BMIM][PFg] at 77 K. The emission spectra of DMBPY are shown in
Fig. 4. The observed spectrum (Fig. 4b) of DMBPY in EtOH-H,SO4
(0.03 wt% of H,S0O4) was attributed to its singly protonated cation
(DMBPYH™"). Fig. 4c shows the emission spectrum of DMBPY in
[BMIM][PFg] observed through the excitation at 320nm where
DMBPYH* has an absorption maximum. As is clearly seen in Fig. 4c,
the emission spectrum in [BMIM][PFg] is attributed DMBPYH",
although the intensity ratio of fluorescence to phosphorescence for
DMBPYH* observed in [BMIM][PFg] is larger than that observed in
EtOH-H;S04.

The phosphorescence spectra of BPY, DMBPY, BQ, 2-PPY, 3-
PPY, 4-PPY, QN and iso-QN were measured in EtOH, EtOH-H,S04
and [BMIM][PFg] at 77 K. The phosphorescence spectra of 4-PPY
are shown in Fig. 5. The observed spectrum (Fig. 5b) of 4-PPY in
EtOH-H,S04 (1.0 wt% of H,SO4) was attributed to its protonated
cation (4-PPYH™). As is clearly seen in Fig. 5c, the phosphorescence
spectrum observed in [BMIM][PFg] is attributed to the spectrum of
the mixture of 4-PPY and 4-PPYH". This assignment is confirmed
by EPR measurements as described below.

On protonation, the phosphorescence spectra of the aza-
aromatics except 3-PPY are considerably red shifted. Applying the
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Fig. 4. Emission spectra of DMBPY (a) in EtOH, (b) in H,SO4-EtOH (0.03 wt% of
H,S04) and (c) in [BMIM][PFg] at 77K through the excitation (a) at 270 nm, (b) at
314nm and (c¢) at 320 nm.

Forster cycle [12] to the phosphorescent states, the ApK, (Ty) val-
ues were evaluated and are listed in Table 1. We can see from Table 1
that these aza-aromatics excited to the T; states become more basic
than in the G states.

3.2. Zero-field splittings

The magnetic fine structure of the T; state in an external mag-
netic field B can be described by the following spin Hamiltonian:

Hs = gugB-S+S-D-S
= gupB-S—XS? - YS? - 75?2 ) (1)
gupB S+ D[S? — (1/3)S*] + E(S% — S2)

Here, —X, —Y, and —Z are the principal values of the D tensor (ZFS
tensor),and D and E are the ZFS parameters. The other symbols have
their usual meaning. The anisotropy of the g tensor was disregarded.
Assuming the molecular structure of the T state to be planar in the
rigid matrices at 77 K, the principal axes (x, y, z) of the ZFS tensors
were taken to be as shown in Figs. 1 and 2. The ZFS parameters D
and E are defined to be D=-3X/2 and E=(Z-Y)/2.
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Fig. 5. Phosphorescence spectra of 4-PPY (a) in EtOH, (b) in H,SO4-EtOH (1.0 wt%
of H,S04) and (c) in [BMIM][PFg] at 77 K.
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Table 1
Zero-field splitting parameters (D and E), T; lifetimes (1) and ApK,(T;) values observed at 77 K.
Molecule Host D (cm™1) E(cm™) 77 ()¢ ApK,(T; )4
trans-BPY EtOH 0.1093 —-0.0126 0.96 =
trans-BPY [BMIM][PFs] 0.1093 —-0.0126 0.96 =
cis-BPY? i-PrOH-H, 0" 0.1101 —0.0051 0.95 -
cis-BPYH* H,S04-EtOH 0.1038 —0.0093 1.23 0.9
cis-BPYH* [BMIM][PFs] 0.1043 —0.0091 0.98 0.7
trans-DMBPY EtOH 0.1052 —0.0170 0.85 -
trans-DMBPY [BMIM][PFs] 0.1037 -0.0173 0.84 -
cis-DMBPY? i-PrOH-H, 0P 0.1038 —0.0054 0.78 =
cis-DMBPYH* H,S04-EtOH 0.0971 -0.0108 0.89 13
cis-DMBPYH* [BMIM][PFs] 0.0985 —0.0108 0.77 1.2
trans-BQ EtOH 0.0989 —0.0365 0.80 =
trans-BQ [BMIM][PFs] 0.0974 —0.0364 0.86 =
cis-BQ? i-PrOH-H, 0" 0.0915 —0.0209 0.68 -
cis-BQH* H,SO04-EtOH 0.0823 —0.0188 0.20 2.8
cis-BQH* [BMIM][PFs] 0.0830 —0.0186 0.14 29
2-PPY EtOH 0.1098 —0.0064 22 -
2-PPY [BMIM][PFs] 0.1097 —0.0066 2.1 -
2-PPYH* H,S04—EtOH 0.1029 —0.0087 3.5 0.7
3-PPY EtOH 0.1085 —0.0041 3.0 -
3-PPY [BMIM][PFs] 0.1088 —0.0041 2.7 -
3-PPYH* H,S04-EtOH 0.1025 —0.0083 3.9 0.1
4-PPY EtOH 0.1125 —0.0047 2.6 -
4-PPY [BMIM][PFs] 0.1124 —0.0045 2.0 -
4-PPYH* H,SO4-EtOH 0.1038 —0.0094 5.5 1.4
4-PPYH* [BMIM][PFs] 0.1049 —0.0092 5.0 1.6
QN EtOH 0.1010 -0.0163 1.3 -
QN [BMIM][PFs] 0.1014 -0.0165 1.2 -
QNH* H,S04-EtOH 0.0922 -0.0148 1.8 0.9
iso-QN EtOH 0.0999 —0.0113 0.88 -
iso-QN [BMIM][PFs] 0.1001 —0.0116 0.79 -
iso-QNH* H,S04-EtOH 0.0928 —0.0111 1.0 0.6

a Ref. [6].

b Observed in i-PrOH-H, 0 (33 wt% of i-PrOH).

¢ Obtained from the decay of the EPR signal.

d ApKa(Tq)=pKa(T1) — pKa(G).

The EPR spectra of the T; states of BPY, DMBPY, BQ, 2-PPY, 3-
PPY, 4-PPY, QN and iso-QN were measured in EtOH, EtOH-H;S04
and [BMIM][PFg] at 77 K. The EPR spectra of the AMg =+ 2 transi-
tions for the Ty state of BQ are shown in Fig. 6. As is clearly seen
in Fig. 6¢, the EPR spectrum observed in [BMIM][PFg] is attributed
to the spectrum of the mixture of BQ and BQH*. The EPR spectra (a)
of the low-field AMs=4+1 transitions for the Ty states of BPY and
4-PPY are shown in Fig. 7. The assignments of the observed EPR
signals of BPY, BQ, 4-PPY and their singly protonated cations have
already been carried out with the aid of a stretched-polymer-film
technique [8,27,28]. The observed ZFS parameters and lifetimes in
the T; states obtained from the decay curves of the EPR signals are
listed in Table 1. (b)
4. Discussion
4.1. Conformers and nature of the T; states
The cis and trans conformations are possible in BPY, DMBPY and

BQ. We developed the stretched-polymer-film technique for deter- ()
mining the cis and trans conformations of the T; states of these
molecules [29]. The ZFS parameters of the conformational isomers
of these molecules have been obtained using a 2-propanol-water
mixture as a host [6]. These values are given in Table 1. We can see
from Table 1 that the ZFS values of BPY, DMBPY and BQ obtained in
[BMIM][PFg] are almost the same as those of the trans isomers. The T T T
conformations of BPY, DMBPY and BQ in [BMIM][PFg] can reason- 145 150 155 160

ably be assigned to the trans conformers in the T; states at 77 K.
As is clearly seen in Table 1, the D values obtained are about

0.1cm~! and the lifetimes of the T; states are 0.14-5.5s. There-

fore, the T; states possess an almost pure 3ww* character in all

Magnetic Field / mT

Fig. 6. EPR spectra of the AMs = + 2 transitions for the T; state of BQ (a) in EtOH,
(b) in HyS04-EtOH (1.3 wt% of H»SO4) and (c) in [BMIM][PFg] at 77 K.
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Fig. 7. EPR spectra of the low-field AMs =+ 1 transitions for the T, states of BPY (a)
in EtOH, (b) in H,SO4-EtOH (0.03 wt% of H,SO4) and (c) in [BMIM][PFs] and of 4-PPY
(d) in EtOH, (e) in H,SO4-EtOH (1.0 wt% of H2SO4) and (f) in [BMIM][PFg] at 77 K.

cases in EtOH and in [BMIM][PFg]. The ZFS parameters observed
in [BMIM][PFg] are almost the same as those observed in EtOH. The
solvent effects of [BMIM][PFg] on the electron spin distributions of
the T states are small in all cases.

Fig. 4b and c show the emission spectra of DMBPYH" in EtOH
and in [BMIM][PFg], respectively. The observed effect of the ionic
liquid on the intensity ratio of fluorescence to phosphorescence for
DMBPYH* may be explained by an increment of the !mrm* charac-
ter in the S; state because the T; state of DMBPYH* possesses an
almost pure 3ww* character in both EtOH and [BMIM][PFg]. The
fluorescence of DMBPYH" is expected to be enhanced, considering
that the S;—Tj intersystem crossing between ! ar* and 3rr* states
should be much slower than that between 'nm* and 3wn* states,
as suggested by El-Sayed [30].

4.2. Effects of conformation and protonation on the zero-field
splittings

In order to elucidate the effects of the conformation and proto-
nation on the zero-field splittings, the ZFS parameters of trans-BPY,
cis-BPY and cis-BPYH* were calculated using semiempirical molec-
ular orbitals. The details of the procedure are the same as those

Table 2
Calculated zero-field splitting parameters for the T; states of trans-BPY, cis-BPY and
cis-BPYH".

Molecule X(cm™') Y(cm™') Z(cm™1) D(cm~')? E(cm~1)°
trans-BPY —0.0806 0.0730 0.0076 0.1209 —0.0327
cis-BPY —0.0820 0.0409 0.0410 0.1229 0.0001
cis-BPYH* —0.0580 0.0367 0.0213 0.0870 —0.0077
a p=_3X/2.
b E=(Z-Y)/2.

described in the previous papers [18,19]. The parameter appearing
in the Coulomb integral, an* = + hy* B, was chosen to be hy* =2 for
the singly protonated cations [31]. The electron spin dipole-dipole
interactions were calculated by assuming the hypothetical struc-
tures with which the length of the C-C bond between the two
pyridine rings was taken to be 150 pm and the C-Cand C-N bonds in
the pyridine rings were taken to be 139 pm [4]. The molecules were
assumed to be planar in the T; states. The wavefunctions used were
obtained from the Pariser-Parr-Pople-type calculations by includ-
ing configurations arising from all the single excitations relative to
the G state. Once the open shell orbital wavefunction of the T; state
&(rq,ry)is specified, the ZFS parameters D and E are calculated from
the following equations:

3 r2 — 3x2
D=42 (7)) [ @rir) o dndn, ()
T \4 2

3 ZZ 7y2
E=12(3) eua? [ @trir) 2 TR o r)indn,  (3)
47 \4 2,

The calculated ZFS parameters are given in Table 2. We can see
from this table that the calculated ZFS values are sufficiently con-
sistent with the observed ones. Assuming that the cis isomer of
BPY has C,, symmetry in the Ty state, the non-zero off-diagonal
elements of the ZFS tensor appear for the trans isomer while all off-
diagonal elements are zero for the cis isomer. As a result, the trans
isomer is expected to possess a larger |E| value than the cis isomer
as is observed.

As is clearly seen in Table 1, following the singly protonation of
the aza-aromatics studied, the |D| values decrease. This result sug-
gests that some expansion of the electron spin distribution occurs
on protonation. In that case the  electron structure changes signifi-
cantly in the vicinity of the nitrogen atom. In the Ty state of biphenyl,
the spin densities p; at the ortho-, meta- and para- carbon atoms are
Opara > Portho > Pmeta [32]. On protonation, therefore, the changes in
|D|,|AD|,are predicted tobe | AD4_ppy| > | AD5_ppy| > | AD3_ppy| for the
T, states of aza-biphenyls, as are observed. In the T; states of naph-
thalene and aza-naphthalenes, the spin densities at the a-position
are high compared with those at the B-position [33]. On protona-
tion, the change in |D| for QN is expected to be larger than that for
iso-QN, as is observed. It should be noted that the phosphorescence
measurements give ApKa(Tq)4-ppy > ApKa(T1 )2-ppy > ApKa(T1)3-ppy
and ApKa(Tq)on > ApKa(T1 )iso-gn» in agreement with the changes
in |D|.

In the present work, the singly protonated cations of BPY,
DMBPY, BQ and 4-PPY were observed in [BMIM][PFg], while only
neutral forms of 2-PPY, 3-PPY, QN and iso-QN were observed.
This may be due to the facts that the singly protonated cations
of cis-BPY, cis-DMBPY and cis-BQ are considerably stabilized by
the [N-H*...N] interaction [5,34,35] and 4-PPY is the most basic
among phenylpyridines [36]. However, the reason for the lack of
the protonated cations of QN and iso-QN is unknown.

The problem we are faced with is the source of the proton of
the protonated species in [BMIM][PFg]. The presence of water in
[BMIM][PFg] cannot be neglected. One possible explanation of the
source of the proton arises from the presence of HF as a hydrolytic
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decomposition of [PFg]~ anion [37], although the addition of water
to [BMIM][PFg] up to 7500 ppm does not affect the relative concen-
tration of the singly protonated species.

Another possible explanation may arise from the presence of
the most acidic H atom of the imidazolium ring C2 [38]. The UV
absorption spectra of DMBPY were measured at room temperature
in [BDMIM][BF4] and in [BDMIM][TFSI] where the H atom of the
imidazolium ring C2 was replaced by the methyl group. However,
the observed UV absorption spectra are attributed to the spectra of
the mixture of DMBPY and DMBPYH".

5. Conclusions

Our optical and EPR experiments indicate that the stable con-
formation of BPY, DMBPY and BQ is trans in the G and T; states
in both EtOH and [BMIM][PFg]. Singly protonated cations of BPY,
DMBPY, BQ and 4-PPY were observed in [BMIM][PFg], while only
their neutral forms were observed in EtOH without sulfuric acid.
The solvent effects of [BMIM][PFg] on the electron spin distribu-
tions in the T states of the aza-aromatics studied and their singly
protonated cations are small.
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