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Abstract

The fluorescence behaviour of some new dyes based on the pyrazolo[3,4-b]quinoline (PQ) ring has been investigated. It was found that introduction
of electron withdrawing and electron donating groups into pyrazolo[3,4-b]quinoline molecule causes an increase of the ground and excited state
dipole moments but more important is introduction of the N,N-dimethylamine group directly into the pyrazolo[3,4-b]quinoline skeleton. Further
introduction of the cyano groups in the peripheral phenyl rings brings about only minor changes in the transition dipole moments (absorption
and fluorescence). Such compounds exhibit a CT fluorescence. The fluorescence of these compounds was investigated in terms of the radiative
charge transfer transition to obtain the charge transfer parameters such as the energy gap between the charge transfer and the ground states, solvent
reorganization energies and internal reorganization energy. The magnitude of these parameters was discussed in terms of a modern electron transfer
theory and the parameters were used to calculate the rate constants for non-radiative CT transition.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Since the first synthesis of pyrazolo[3,4-b]quinoline (PQ) by
Musierowicz et al. [1] in 1928 that class of compounds was
of interest as possible antiviral agents inducing the formation of
interferon [2], antiviral properties [3] and potential antimalarials
[4]. Several members of this ring system fluorescence and have
been proposed as optical brighteners for acetate and polyester
fibres [5].

The pyrazoloquinolines are highly emissive in solvents [6]
as well as in the solid state. Owing to their emissive properties
they are good candidates for construction of brightly fluorescent
molecular sensors [7] and luminescent materials for fabrica-
tion of organic light emitting diodes (OLED) [8]. We applied
some pyrazoloquinolines for this purpose as dopants in PVK
matrices [9], vacuum deposited films [10] and polymers [11]. In
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addition, some pyrazolo[3,4-b]quinolines with nitro and N,N-
dimehylamino substituents appear to be good building blocks
for non-linear optical materials [12,13].

Following our line of investigation presented in the previous
paper [14], where we reported on the photophysical investigation
of some heterocyclic dyes containing the pyrazoloquinoxaline
(PQX) skeleton [14], we found that introduction of the dimethy-
lamine group greatly enhances the charge transfer character of
the luminescence of the dye. This effect manifests itself by the
strong solvent polarity dependence of the fluorescence param-
eters such as lifetimes, quantum yields and the position of the
fluorescence maximum. The fluorescence studies were accom-
panied by the transient absorption measurements, which showed
the correspondence of the fluorescence efficiency and lifetimes
with the relative efficiency of the population of the lowest triplet
state, and their mutual dependence on the solvent polarity. The
experimental data let us to believe that in pyrazoloquinoxalines
the lowest triplet state is populated via S; = T,, = T sequential
mechanism, the efficiency of which is governed by the S1-T,

energy gap.
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Fig. 1. Chemical structures of the investigated pyrazoloquinolines (PQ): R1 =
R2=R3=H 1,3-diphenyl-1H-pyrazolo[3,4-b]quinoline (PQl); RI1=R2=H
R3=N(CH3);  6-dimethylamino-1,3-diphenyl-1H-pyrazolo[3,4-b]quinoline
(PQ2); R1=CN R2=H R3=N(CH3), 3-(4-cyanophenyl)-6-dimethylamino-
1-phenyl-1H-pyrazolo[3,4-b]quinoline (PQ3); R1=H R2=CN R3=N(CH3);
1-(4-cyanophenyl)-6-dimethylamino- 1 -phenyl-1H-pyrazolo[3,4-b]quinoline
(PQ4).

In this paper we examine fluorescence behaviour of
pyrazoloquinolines—another class of efficiently fluorescing and
photochemically stable heterocyclic compounds (see Fig. 1).

2. Experimental
2.1. Synthesis of 1H-pyrazolo[3,4-b]quinolines

2.1.1. The synthesis of pyrazolones and
pyrazolocarbaldehydes-general procedures

Pyrazolones 1a,1b were prepared on 1 h refluxing equimo-
lar amounts (0.02mol) of appropriate phenylhydrazine and
B-ketoester in ethanol (50 mL). Half of the solvent was removed
in vacuo. After cooling the resulting precipitate was filtered off
and recrystallized from the 4:1 ethanol/water mixture.

2.1.1.1. 2-(4-Bromophenyl)-5-phenyl-2,4-dihydropyrazolin-3-
one (1a). Yellow crystals, mp 151-152°C, 57% yield. Anal.
Calcd. for Ci5HBrN>O: C, 57.16; H, 3.52; N, 8.89. Found:
C, 56.98; H, 3.49; N, 8.76.

2.1.1.2. 5-(4-Bromophenyl)-5-phenyl-2,4-dihydropyrazolin-3-
one (1b). Light yellow crystals, mp 169-170°C, 77% yield.
Anal. Calcd. for Ci5sH;BrN,O: C, 57.16; H, 3.52; N, 8.89.
Found: C, 56.87; H, 3.39; N, 8.61.

Phosphorous oxychloride (0.07mol, 6.4mL) was added
dropwise to ice cooled DMF (0.03 mol, 2.3 mL). On agitation, a
pyrazolin-3-one (0.01 mol) was added dropwise within 15 min
to that Vilsmeier-Haack reagent maintaining room temperature
followed by 1h heating at 110 °C. After cooling, the reaction
mixture was poured to 100 mL ice/water. Precipitated crystals
were filtered, washed with water, dried, and recrystallized from
ethanol.

2.1.1.3. 1-(4-Bromophenyl)-5-chloro-3-phenyl-1H-pyrazolo-
4-carbaldehyde (2a). White crystals, mp 140-142°C, 71%
yield. "TH NMR (CDCl3, 300 MHz, § ppm): 10.06 (s, 1H, CHO);
7.81-7.78 (m, 2H); 7.69 (d, J=8.8 Hz, 2H); 7.54 (d, /=8.8 Hz,
2H); 7.52-7.47 (m, 3H). Anal. Calcd. for C14HoBrCIN,O: C,
53.14; H, 2.79; N, 7.74. Found: C, 53.04; H, 2.64; N 7.65.

2.1.1.4. 3-(4-Bromophenyl)-5-chloro-1-phenyl-1H-pyrazolo-
4-carbaldehyde (2b). White crystals, mp 178-179°C, 67%
yield. "THNMR (300 MHz, CDCl3, § ppm): 10.05 (s, 1H, CHO);
7.80,7.79 (d, J=8.6 Hz, 2H); 7.63-7.54 (m, 7H). Anal. Calcd.
for C;gH1oBrCIN,O: C, 53.14; H, 2.79; N, 7.74. Found: C,
52.95; H, 2.58; N 7.63.

2.1.1.5. 1-H-Pyrazolo[3,4-b]quinolines: general procedure.
N,N-Dimethyl-1,4-phenylenediamine (0.01 mol, 1.3g) and
either 2a or 2b (0.01 mol, 3.6 g) were heated slowly for 20 min on
an oil bath at 140-200 °C. After cooling, the melt was boiled with
ethanol (50 mL) and filtered. The crude product was dissolved
in CHCI3 (50 mL) and subjected to a column chromatography
on aluminium oxide (Merck, neutral, II-III Brockmann). The
chromatography procedure was repeated on a column packed
with silica-gel (Merck 60, 70-230 mesh) and developed with
the toluene/ethyl acetate (3:1).

2.1.1.6. 1-(p-Bromophenyl)-6-N,N-dimethylamine-3-phenyl-
1H-pyrazolo[3,4-b]quinoline  (3a). Yellow crystals, mp
155-156°C (toluene), 55% yield. 'H NMR (300 MHz,
CDCl3, § ppm): 8.71 (s, 1H, 4-H); 8.56 (d, /J=8.9Hz, 2H,
2,6-Hipp); 8.14 (d, J=7.06, 2H); 8.05 (d, J=9.5Hz, 1H);
7.66 (d, J=8.9Hz, 2H, 3,5-H;py); 7.61-7.56 (m, 3H); 7.49
(t, J=7.3Hz, 1H); 3.11 (s, 6H, Me,N-). Anal. Calcd. for
Co4H19BrNy: C, 65.02; H, 4.31; N, 12.63. Found: C, 64.89; H,
4.16; N 12.49.

2.1.1.7. 3-(p-Bromophenyl)-6-N,N-dimethylamine-1-phenyl-
1H-pyrazolo[3,4-b]quinoline  (3b). Yellow crystals, mp
183-184 °C (toluene), 60% yield. '"H NMR (300 MHz, CDCl3,
8 ppm): 8.66 (s, 1H, 4-H); 8.58(d, J=8.1Hz, 2H, 2.6-H;pp);
8.08-8.03 (m, 3H); 7.70(d, J=8.5Hz, 2H); 7.58-7.54 (m, 3H,
3,5-Hipp); 7.26 (t, J=7.4Hz, 1H, 4-Hpy); 6.98 (d, J=2.7Hz,
1H, 5-H); 3.1 (s, 6H, Me,N-). Anal. Calcd. for Cp4H9BrNy:
C, 65.02; H, 4.31; N, 12.63. Found: C, 64.75; H, 4.11; N 12.51.

A solution of either 3a or 3b (0.005 mol, 2.2 g) and CuCN
(0.006 mol, 0.54 g) in 5 mL of N-methyl-2-pyrrolidinone (NMP)
was heated at 150 °C for 5 h. The reaction mixture was cooled
and poured into water (20 mL). The precipitate was filtered off,
dried, dissolved in a minimum amount of CHCl3 and filtered off
to remove inorganic residues. The solution was subjected to a
column chromatography on silica gel (Merck 60, 70-230 mesh)
using CHCl3 as eluent (Fig. 2).

2.1.1.8. 1-(p-Cyanophenyl)-6-dimethylamino-3-phenyl-1H-

pyrazolo[3,4-b]quinoline (4a-PQ4). Yellow crystals, mp
242-243 °C (toluene), 55% yield. "H NMR (CDCl3, 300 MHz,
6 ppm): 8.88 (d, J=8.5Hz, 2H, 2,6-Hpy); 8.63 (s, 1H, 4-H);
8.11 (d, J=7.4Hz, 2H, 2,6-Hs.pn); 8.02 (d, /J=9.6Hz, 1H,
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Fig. 2. (a) POCI3/DMF/110 °C; (b) N,N-dimethyl-1,4-phenylenediamine/140-180 °C; (c) CuCN/N-methyl-2-pyrrolidinone/180-190 °C.

8-H); 7.80 (d, J=8.5Hz, 3,5-H;.pp); 7.62-7.48 (m, 4H); 6.92
(d, J=2.4Hz, 1H, 5-H); 3.09 (s, 6H, Me;N-). Anal. Calcd. for
CysH9Ns5: C, 77.09; H, 4.91; N, 17.97. Found: C, 76.96; H,
4.87; N 17.79.

2.1.1.9. 3-(p-Cyanophenyl)-6-dimethylamino-1-phenyl-1H-
pyrazolo[3,4-b]quinoline (4b-PQ3). Red crystals, mp 238-
240°C (toluene), yield 61%. '"H NMR (CDCl3, 300 MHz, §
ppm): 8.66 (s, 1H, 4-H); 8.56 (d, /J=8.2Hz, 2H, 2,6-H;.pp);
8.28 (d, J=8.2Hz, 2H); 8.06 (d, J=9.6Hz, 1H, 8-H); 7.83 (d,
J=8.2Hz, 2H); 7.60-7.55 (m, 3H); 7.32 (t, J=7.4Hz, 1H,
4-Hj.pn); 6.97 (d, J=2.2Hz, 1H, 5-H); 3.11 (s, 6H, Me,N-).
Anal. Calcd. for Co5sH9N5: C, 77.09; H, 4.91; N, 17.97. Found:
C, 76.88; H,4.76; N, 17.81.

2.1.1.10. 1,3-Diphenyl-1H-pyrazolo[3,4-b]quinoline (PQI).
It was prepared by the Friedlinder condensation of
o-aminobenzaldehyde with 2,5-diphenyl-2,4-dihydropyrazol-
3-one [15].

2.1.1.11. 6-Dimethylamino-1,3-diphenyl-1H-pyrazolo[3,4-
b]quinoline (PQ2). Equimolar amounts of N,N-dimethyl-p-
phenylenediamine (0.013 mol) and 1,3-diphenyl-5-chloro-4-
formylpyrazole (0.01 mol) were heated in sulfolane (5mL) at
140-190°C for 20 min. After cooling, the reaction mixture
was poured into water and filtered off. The solid was dried,
dissolved in CHCI3 passed by alumina (Merck, neutral, TI-III
Brockmann). Finally it was chromatographed (3 times) on
silica gel (Merck 60, 70-230 mesh).

Yellow crystals, mp 200-201°C, 35% yield. 'H NMR
(CDCl3, 300 MHz, § ppm): 8.73 (s, 1H, 4-H); 8.61 (d, /=8.1 Hz,
2H, 2,6-Hjpy); 8.16 (d, J=7.4Hz, 2H, 2,6-H3py); 8.07 (d,
J=9.5Hz, 1H, 8-H); 7.61-7.46 (m, 6H); 7.48 (t,/=7.3 Hz, 1H);

7.29 (t, J=7.4Hz, 1H); 3.11 (s, 6H, Me,;N). Anal. Calcd. for
Co4HyoNy: C, 79.10; H 5.53; N, 15.37. Found: C, 78.99; H,
5.44; N, 15.21.

2.1.2. Fluorescence measurements (steady state and
time-resolved)

The solvents: cyclohexane (CHX), dibutyl ether (DBE), ethyl
acetate (EtAc), tetrahydrofuran (THF), ethyl bromide (EtBr),
ethyl iodide (EtI), glycerol triacetate (GTA), dichloromethane
(MeCly), propanol (PrOH), acetone (ACE), methanol (MeOH),
acetonitrile (ACN), dimethylformamide (DMF), propylene
carbonate (PC) and dimethyl sulfoxide (DMSOQO) were of spec-
troscopic grade and were used as received (all from Aldrich).
All the solvents did not show any traces of fluorescence. For flu-
orescence and transient absorption measurements the solutions
of the dyes were degassed using the freeze-pump-thaw cycles.
The sample concentration of the dyes for spectroscopic mea-
surements is ca. 107> M (it refers to absorbances of ca. 0.2-0.3
at excitation wavelength in the fluorescence investigations).

Fluorescence measurements were performed on a home-built
spectrofluorimeter and a time-correlated single photon counting
arrangement [ 14]. For time-resolved fluorescence measurements
a picosecond diode laser (A=400nm, 70ps pulse duration)
or a nanosecond diode (A =370nm, 1 ns pulse duration) (both
from IBH-UK) as excitation source were used. For steady-state
fluorescence measurements a 365 or 405 nm line of medium-
pressure mercury lamp was used. The fluorescence quantum
yields measurements were carried out with quinine sulphate in
water (@g =0.55) [16] as an actinometer.

2.1.3. Calculations
Electron transfer parameters were recovered using the CT
fluorescence band shape analysis, described in previous papers
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[14,17]. For minimization the MINUITS procedure from the
CERN Library was employed.

3. Results
3.1. Absorption and fluorescence measurements

Absorption and fluorescence spectra of pyrazoloquinolines
(PQ) in ethyl bromide are presented in Figs. 3 and 4.

Absorption of pyrazoloquinolines shifts bathochromically
when the electrodonating group (dimethylamine) is intro-
duced in the 6-position of the pyrazoloquinoline skeleton (ca.
3000 cm™!). Introduction of the cyano group in the para posi-
tion of the peripheral phenyl rings (located either in position 1 or
3) brings about only a small change of the position of the lowest
absorption band. The same is valid for the fluorescence spectra:
again, the strong bathochromic shift is observed upon substitu-
tion of the hydrogen atom by the amino group and subsequent
introduction of the cyano groups does not affect so significantly
the position of the fluorescence maximum (ca. 400-800cm™1)
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Fig. 3. Absorption spectra of pyrazoloquinolines (PQ1-PQ4) in ethyl bromide.
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Fig. 4. Fluorescence spectra of pyrazoloquinolines (PQ1-PQ4) in ethyl bromide
normalised and corrected for spectral sensitivity of the detector.
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Fig. 5. Fluorescence spectra of compound PQ3 in solvents of different polarity
(as indicated by the acronyms in the figure), DBE: dibutyl ether (¢5 = 3.08); EtAc:
ethyl acetate (¢5 =6.08); ACE: acetone (¢ =21.0); ACN: acetonitrile (&5 = 36.6);
DMSO: dimethylsulfoxide (¢5 =47.2).

as the introduction of the amine group to the parent molecule
PQI (ca. 2000-3000 cm ™).

Fluorescence spectra of PQ1 are relatively weakly dependent
on the solvent polarity, and in non-polar cyclohexane a small
vibrational structure is observed in the spectrum. Appearance
of a dimethylamine group introduced to the pyrazoloquinoline
skeleton of PQ1 causes a significant solvatochromic shift in fluo-
rescence spectr a, further amplified by introduction of the cyano
groups attached in the para position to the peripheral phenyl
rings. This may indicate that the excited state dipole moment
increases upon introduction of the cyano groups into the PQ2
molecule. We observe a considerable batochromic shift in the
position of the fluorescence maximum as indicated in Fig. 5,
which can be accounted for by assuming that the emitting sin-
glet state has a dipole moment much larger than the ground
state, strongly suggesting that it has an internal charge transfer
character. For such a biradical-type state the dipole-moment can
be experimentally calculated from the Lippert—-Mataga relation-
ship, neglecting a mean solute polarizability (« ~ o ~ ag & 0)
[18].

The photophysical properties of the investigated pyrazolo-
quinolines in several solvents of different polarity are presented
in Table 1.

The position of the maxima of the absorption band for the
compounds PQ2, PQ3 and PQ4 depends on solvent polarity only
slightly, contrary to that of the emission as shown in Fig. 5. If
the CT fluorescence originates from the state reached directly
by excitation, the excited state dipole moment can be calculated
from the solvatochromic shifts of the absorption and fluores-
cence spectra. Mathematically, this dependence is described by
the well-known Lippert—-Mataga equation [18]

_Ap? es—1  n?-1 W
T 2mephcad \2e+1 20241/

Vabs — Vflu

where vaps and vy, are the spectral positions of the maximum of
the CT absorption and equilibrated emission bands, respectively,
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Table 1

Absorption and fluorescence parameters of compounds PQ1-PQ4 in solvents of different polarities

Solvent Quantum yield Fluorescence lifetime (ns) VA ax anax (Vay) M,/D M¢/D

PQI
CHX 0.86 17.9 24910 22540 (21369) 2.02 2.22
DBE 0.88 18.6 25090 21980 (21000) 2.03 2.18
EtBr 0.5 18.5 25090 21390 (20732) 1.98 2.12
GTA 0.87 20.8 25090 21200 (20390) 2.24 2.33
MeOH 0.71 25.5 25210 21080 (20492) 2.06 2.1
CAN 0.73 25.1 25200 20920 (20341) 1.94 2.0

PQ2
CHX 0.84 16.1 22750 (19917) 3.00 2.84
DBE 0.77 18.4 22490 20050 (19384) 3.01 2.74
EtAc 0.60 21.5 22390 18780 (18323) 2.72 2.5
THF 0.84 21.0 22220 18720 (18205) 3.0 2.92
EtBr 0.65 16.3 22220 19140 (18700) 2.72 2.75
Etl 0.24 7.2 22220 19160 2.71
MeCl, 0.75 19.9 22160 18880 (18054) 3.0 2.82
ACE 0.58 234 22200 18090 (17700) 2.85 2.53
MeOH 0.52 22.5 22330 17380 (17077) 3.08 2.66
ACN 0.57 24.5 22260 17810 (17490) 2.86 2.53
PC 0.56 23.0 22040 17650 (17262) 2.85 243

PQ3
CHX 0.72 11.2 22260 20170 3.27
DBE 0.79 14.0 22090 19170 (18522) 3.1 3.20
EtAc 0.65 14.8 22000 17680 (17259) 3.22 3.25
THF 0.69 15.3 21740 17570 (17087) 3.21 3.20
EtBr 0.60 13.8 21770 18200 (17618) 3.20 2.94
Etl 0.23 6.2 21570 18370 (17659) 2.84 2.50
MeCl, 0.69 16.2 21770 18020 (17453) 3.25 2.97
ACE 0.58 17.1 21770 16770 (16395) 3.15 3.14
MeOH 0.34 11.4 21970 16350 (16043) 3.20 3.15
ACN 0.47 17.5 21900 16610 (16235) 3.15 3.40
PC 0.37 14.0 21670 16280 (15900) 3.22 3.05
DMSO 0.23 11.0 21470 15810 (15500) 2.95

PQ4
CHX 0.64 15.1 22580 20580
DBE 0.68 19.4 22420 19620 (18552) 2.75 2.67
EtAc 0.75 23.9 22270 18300 (17736) 2.45 2.78
THF 0.65 23.1 22250 18240 (17663) 2.75 2.56
EtBr 0.64 18.0 22180 18840 (18225) 2.73 2.7
Etl 0.24 7.0 21910 18880 2.78 241
MeCl, 0.63 21.5 22140 18630 (18018) 2.74 2.48
PrOH 0.54 20.1 17760 (17340) 2.63
ACE 0.58 25.3 22240 17600 (17100) 2.65 2.56
MeOH 0.38 21.2 22260 17170 (16850) 2.74 2.39
ACN 0.62 26.0 22320 17430 (16960) 2.67 2.57
PC 0.53 23.0 22110 16930 (16460) 2.56 2.53
DMSO 0.46 19.9 21930 16480 (16036) 2.30 2.46

The parameters have the following meanings: v, position of the longwave absorption maximum; vfnax, position of the fluorescence maximum; v,y, averaged
emission frequency; M, and Mt denote the transition dipole moments for absorption and emission, respectively. For the calculation of the last three parameters see

the following part of the text.

AL = jie — [ig is the difference between the excited and ground
state dipole moments, respectively, gg the dielectric permittiv-
ity of the vacuum, and a is the radius of the Onsager cavity.
The parameters &g and n are the static dielectric constant and
refraction index of the solvent (Fig. 6).

Similar behaviour has been found for PQ4, where the slope in
the Lippert—-Mataga dependency was 11590 (1100)cm™!. The
semiempirical calculations (HYPERCHEM, AM1 parametriza-

tion) yielded the ground-state dipole moments equal to 5.53
and 8.31D for PQ3 and PQ4, respectively. Assuming 5.9 A (cal-
culated from the molecular volume for PQ1—HYPERCHEM,
AM1 parametrization) to be the effective radius of the Onsager
cavity for both molecules, we obtain the values for dipole
moments changes upon excitation equal to 14.85 (1.4) and 13.1
(1.3)D for PQ3 and PQ4, respectively. The similar procedure has
been employed for PQ2. Again the ground state dipole moment
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Fig. 6. Lippert—-Mataga plot for the dependence of the difference between the
position of the maxima of the absorption and fluorescence bands on solvent
polarity function f(g, n%) =(((es — 1)/(2¢e5 + 1)) — (n*> — 1)/(2n2 + 1))) for PQ3
(correlation coefficient R=0.96). The solvents (indicated by the numbers) are
1: DBE; 2: EtAC; 3: THF,; 4: EtBr; 5: EtI; 6: MeCl,; 7: ACE; 8: ACN; 9: PC;
10: DMSO; 11: MeOH.

was obtained from the semiempirical calculations and gave the
value 4.19D whereas the Lippert—-Mataga analysis provided the
value of Afi equal to 11.9 (1.1)D. For parent molecule PQ1,
according to the HYPERCHEM calculations the ground state
dipole moment is equal 2D. The semiempirical results are further
confirmed by a more sophisticated method (DFT, B3LYP hybrid
functional, 6-31+g* basis set), which produced the value for the
ground-state dipole moment to be 2.40 and 4.42D for PQ1 and
PQ2, respectively. This allows one to consider the semiempirical
values for all the molecules as somewhat more credible; at least
as far as the ground state dipole moments are concerned. We
conclude that for the compounds that have the electrodonating
group (N(CH3),) and the electroaccepting group (CN) intro-
duced into the parent molecule the emitting singlet state has
a strong charge transfer character with the excited state dipole
moments reaching 20.4 and 21.4D for PQ3 and PQ4, respec-
tively. The fluorescence of these compounds can therefore be
analysed in terms of the Marcus’ radiative back electron trans-
fer theory [19]. The CT fluorescence profile is described by the
following formula [20] as

240\ 64n? NS
CTO) = n¥? <”+> 2E MY (dmkT)
3 !

2
ArskT @

( (AGet+ jhvy +2s + hv>2>
xexp | — )
where M is the transition dipole moment, A¢ the solvent reorga-
nization energy, A Gy, the energy difference between the CT and
ground states, S the displacement parameter, connected with the
internal reorganization energy (Aj,) and the energy of the ring
skeletal vibration (hvy = 1600 cm™1) by the relation:

Ain

S = .
hvy
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Fig. 7. Corrected and normalized CT fluorescence spectra of PQ3 in THF and
DMSO and their theoretical predictions given by Eq. (2). The fitted parameters
are AGe=—2.46 (—2.404) eV, 1, =0.257 (0.343) eV and LAj, =0.13 eV for both
solvents. The values in parentheses correspond to DMSO solution.

Minimization procedure applied for theses systems in sol-
vents of different polarity shows that the internal reorganization
energy parameter (1jp) does not depend on the polarity of the
solvents and achieves a common (mean) value equal to 0.13 eV.

The solvent reorganization energy, which describes the
motions of the solvent molecules during the charge transfer
process, may be calculated using the formula [21]:

A2 <es—1 n2—1) 2b)

Ay = —
T Axhcegad \2es+1  2n2+1

Eq. (2) describes experimental findings remarkably well,
which can be seen in Fig. 7, which presents a fit of the calculated
fluorescence profile to the experimental one for PQ3 measured
in two solvents of different polarity.

As expected, the values of the solvent reorganization energy
increase with increasing solvent polarity, which also causes the
decrease of the energy gap between the charge transfer and
ground states. Both behaviours are depicted in Figs. 8 and 9.

The solvent dependence of the energy gap between the charge
transfer state and the ground state is described by the relationship
[22]:

/15 - ljté g — 1
AGcr = AGcr (vacuum) pi—— (285 n ]> , (3)
where AGct (vacuum) is the energy gap between these states in
vacuum. The other parameters have been introduced previously.
The equation predicts that increasing solvent polarity causes a
decrease of the energy gap between the excited charge transfer
state and the ground state, which is indeed observed (cf. Fig. 8).

Solvent polarity influences also the external reorganization
energy. The mathematical description of this dependency is
given by Eq. (2b).

As expected, with increasing solvent polarity, defined by
the solvent polarity function fles, n%)=(((es — 1)/(2es + 1)) —
((n* = 1)/(2n* +1))), the external reorganization energy
increases.
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Fig. 8. Solvent polarity dependence of the free enthalpy change for the back
electron transfer for compound PQ3. Solvent polarity function is given by
fles)=((es — 1)/(2e5 + 1)) (correlation coefficient R =0.96). Indications of the
solvents are given in the caption of Fig. 6.

Having the absorption spectra one can readily determine the
molar extinction coefficients, and subsequently the absorption
transition dipole moments, whereas the fluorescence quantum
yields and lifetimes allow for calculation of the transition dipole
moments for the emission. The absorption transition dipole
moment is given by the formula [23]:

1
M2 =9.1853 x 1073~ / ) g, @
n 1%

The integral in Eq. (4) denotes the integrated reduced molar
absorption and the constant in Egs. (4) and (5) emerges from
simple calculations of the basic physical constants (Planck’ and
Avogadro’s constants, velocity of light c, etc.).

The electronic transition dipole moment My is defined as

kf = a1 = %(”VWFM%’ (5)
Tt 3.1887 x 10
0,35 -
0,30 1
a (0.09)
= 0,254 5 slope=0.92(0.09
< ° ®6 abscissa=0.064(0.02)
04
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Fig. 9. Solvent polarity dependence of solvent reorganization energy for
PQ3. Solvent polarity function is given by fles, n?)=(((es — 1)/(2eg + 1)) —
(7% = D/(2n* + 1)) (correlation coefficient R =0.955). Indications of the sol-
vents are given in the caption of Fig. 6.

in which the averaged emission frequency is given by Ref. [14]:

_ [ I(wvdv

Vay = W . (Sa)

We can see in Table 1 that for each molecule under study the
transition dipole moment for absorption and for emission are
approximately the same (there only seems to be a small drop
with increasing solvent polarity). This finding may be attributed
to the lack of significant conformational changes between the
ground and emissive singlet states [24].

What is far more striking is the fact that the transition dipole
moment largely increases when the electron donating group
(N(CH3;)») is introduced into the pyrazoloquinoline moiety.

3.2. Non-radiative back electron transfer transition

Transient absorption spectra of the investigated pyrazolo-
quinolines taken in the nanosecond time scale do not indicate a
significant transient absorption in any solvents [25]. In low tem-
perature measurements we found only traces of an additional
band located around ca. 2.0eV which may be attributed to the
phosphorescence on the basis of comparison with the findings
reported by Kucybala et al. [26].

We can conclude that the most important deactivation
pathways of the emitting singlet state are fluorescence and radi-
ationless transitions leading to the ground state recovery of the
dyes.

As mentioned previously, the clear CT fluorescence has been
observed for the systems containing electron donor and electron
acceptor subunits (i.e. in PQ2, PQ3 and PQ4). From the basic flu-
orescence measurements we have calculated the rate constants of
the non-radiative transitions that deactivate the emitting singlet
state. The results are presented in Fig. 10.

The explanation of this fact is as follows. All the three com-
pounds consist of the same electron donor unit; they differ only
with respect to the presence of the p-cyano group at either of
the phenyl rings attached to the pyrazoloquniline skeleton in
the 1 or 3 position. This alters the energy gap between the
emitting singlet excited state and the ground state. This plot
provides a plateau at higher emission wavenumbers which may
be attributed to the very small non-radiative rate constant (inter-
system crossing). Decreasing energy gap between the charge
transfer and the ground states causes an increase of the non-
radiative rate constant as it emerges from the Marcus theory for
the inverted region. A confirmation of the validity of our conclu-
sion may be achieved by simple calculation of the non-radiative
back electron transfer rate constants using the electron transfer
parameters obtained from the charge transfer fluorescence band
analysis.

However, to complete the parameters which are necessary to
calculate the back electron transfer rate constants we need to
estimate the electronic coupling matrix element, V. To do that
we make use of the following equation [21,22]:

SYCRE L ©)

hcver E; — hever

Mg =V
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Fig. 10. Dependence of non-radiative rate constant on maximum of fluores-
cence emission for the investigated pyrazoloquinolines, PQ2: black circles; PQ3:
black triangles and PQ4: open circles. The non-radiative rate constants were
calculated from the relation, kpraqg = (1 — @¢)/t¢. The correlation line is drawn
only for presentation purpose. Inset-calculated non-radiative back electron rate
constant versus AG for substituted pyrazoloquinolines. The parameters used
in calculations were obtained from the CT fluorescence band shape analysis,
the electronic coupling matrix element Vp=0.27¢eV, the internal reorgani-
zation energy A;=0.18¢V, and energy of high-frequency internal vibration
h§2=0.15eV.

where Vp and V; are the electronic coupling matrix elements
between the CT and the ground states, and between the CT state
and the 'LE states of the energy E;, respectively and M; is the
electronic transition moment between the 'LE state of energy
E; and the ground state. We found that for the studied series
of substituted pyrazoloquinolines (compounds PQ2-PQ4) the
first term in Eq. (6) is most important at least in solvents of
medium and high polarities. The calculated (mean) value of the
parameter V) is equal to 0.27 (£0.2) eV. A small enhancement
of the transition moment when solvent polarity decreases may
be explained by increasing importance of the second term in Eq.
(6) due to smaller energy gap between the charge transfer state
and the locally excited singlet states.

For a non-adiabatic electron transfer process! the following
formula for the rate constant holds [27]:

o iznvg exp(—9)S//;! (AG + jh&2 + Ars)?
- S hEmkT)' 2 40skT

)

The parameters appeared in this equation have been defined
previously. It should be noted that important parameters such
as As, AGe and A;, have been estimated from the CT fluo-
rescence band shape analysis (Eq. (2)). The theory predicts an
increase of the back electron transfer rate constant when the

! A relatively large electronic coupling matrix element Vy indicates that the
electron transfer is an adiabatic process with the rate constant depending on
the so-called longitudinal relaxation time of the solvent. However, for the back
electron transfer in the inverted Marcus region the rate constants calculated
from the Jortner formula gave the same results as calculated from the Onuchic
equation for the adiabatic electron transfer rate constant.

energy gap between the CT and the ground states decreases (the
free enthalpy parameter AG,; becomes more positive) as it is
presented in the inset for Fig. 10 as the dependence of the non-
radiative rate constant as a function of the position of the CT
fluorescence maximum. This dependence is true because there
is a simple linear relationship between the free enthalpy change
(AGe;) and the position of the maximum of the CT fluorescence
[21,22,24]:

L(hevaps + hevg) = —AGey, (8)

where hicv,aps and hcvy is the position of the absorption and emis-
sion maximum, respectively. Due to weak solvent dependence of
the position of the 0-0 absorption band the free enthalpy change
is a linear function of the position of the fluorescence maxi-
mum. Thus the increase of the measured back electron transfer
rate constant with decreasing values of the maximum of the CT
fluorescence is explained.

4. Conclusions

Derivatives of pyrazoloquinolines show a single-band fluo-
rescence emission at room temperature, which in three cases
reveals a pronounced charge transfer character of the emitting
singlet state. This is proven, e.g. by the solvatochromic shift of
the position of the fluorescence maximum. The charge trans-
fer fluorescence analysis on the basis of the Marcus theory for
the radiative electron transfer transition yields the values of the
charge transfer parameters such as the free enthalpy change
and the external reorganization energy, which show significant
changes when the solvent polarity is altered. The internal reorga-
nization energy seems to be solvent independent. The transition
dipole moments calculated from the absorption spectra (M,) and
the fluorescence characteristics (Mp) show only a small varia-
tion with changing solvent polarity. For the studied compounds
PQ2-PQ4 they are almost identical.
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