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The association of complex formation with static quenching in CT systems was investigated. 
Evaluation of the data made evident that the inner filter effect must be allowed for. Time-resolved 
and temperature-dependent stationary measurements of fluorescence led to the separation of dy- 
namic and static quenching components. The static quenching constant is discussed with respect 
to the equilibrium constant of complex formation determined by absorption spectroscopy. 
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INTRODUCTION 

Mulliken explained charge transfer (CT) complex 
formation by the superposition of an ionic bond structure 
and a covalent no-bond structure [1]. Absorption of the 
CT energy takes the complex to an excited state. Com- 
plex formation from molecular sites is controlled by the 
law of mass action. 

The equilibrium constant and association .enthalpy 
of  the ionic bond structure can be derived from the con- 
centration and temperature dependence of  the CT ab- 
sorption. Assuming a 1:1 complex formation, the molar 
equilibrium constant was calculated using the equation 
[2] 

1 eva �9 C o  �9 CA E 
Kcr E cv cA + levA (1) 

where E is the absorbance, EDA is the decadic molar ex- 
tinction coefficient of  the complex, and 1 is the thickness 
of the cuvette, by variation of donor and acceptor con- 
centrations Co and c A. 
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Considering the temperature dependence of the 
equilibrium constant K in the Gibbs-Helmholtz equa- 
tion, 

AG = A H -  TS (2) 

with 

AG = - R T l n K  (3) 

it becomes possible to fix the thermodynamic quantities 
Gibbs reaction energy AG, reaction entropy S, and re- 
action enthalpy AH. 

In order to account for fluorescence quenching by 
CT interaction, and analogously to the theory of Rehm 
and Weller [3], we propose the following scheme of re- 
actions: 

hvo 

D* + A  ~ (D*...A) ~-~ (D+A-) * 

D + A  ~ (D...A ~ D §  

CT complex 
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Consistently, the quenching of donor fluorescence is as- 
sociated with the excitation of CT complexes. 

The total quenching, i.e., the simultaneous occur- 
rence of  dynamic and static, quenching, is approximately 
described by [4] 

F o 
7"  ~" (1 + Kay. c o) (1 + K,,,. co) (4) 

The static quenching term applied here was derived as 
the first mathematical approximation from Perrin's sta- 
tistical concept. 

If we extend the concept and take a ground-state 
interaction into account, the static quenching constant 
will not be equal to the molar interaction volume v any 
more, as introduced by Perrin, but constitutes a product 
of v and an Arrhenius term including the Gibbs associ- 
ation energy AG,~t, 

K , ~ . , = v . e x p  - R T ]  (5) 

Time-resolved measurements allow separation of  the dy- 
namic portion of  quenching from the total quenching. 
Application of  the Stern-Volmer equation 

,TO 
- - =  1 + K~y.-c  o (6) 
T 

on the data determines the dynamic quenching constant 

gdyn ~ 

EXPERIMENTAL 

Sample Preparation. Substances of investigations 
were perylene (Pc) as fluorophore and pyromellitic dian- 
hydride (PMDA) as quencher dissolved in an etha- 
nol/methanol mixture (4:1). The solvent permitted 
temperature-dependent measurements. 

The solutions were not degassed since it was not 
our aim to determine experimentally absolute quantum 
yields but relative radiation intensities. Oxygen quench- 
ing, which accounts for a decrease in fluorescence of  
about 30%, was not given any further consideration be- 
cause it affected each sample at a given temperature in 
the same way. As time-resolved measurements con- 
firmed, the lifetime of the Pe fluorescence was lowered 
from 6.0 to 4.4 ns at room temperature, which is ac- 
counted for by the presence of  dissolved molecular ox- 
ygen. These values are also found in the literature [5,6]. 

The Pe concentration was kept constant at a value 
of 10 -5 mol L-z for all fluorescence experiments, while 
the quencher concentration varied from 0 to 0.1 mol/L, 
ensuring that static quenching could be recognized and 
separated from fake quenching such as filter effects. 

The concentrations of  Pe were increased up to the 
limit of solubility for absorption experiments, since de- 
termination of the thermodynamic equilibrium constant 
of CT complex formation required variation of the elec- 
tron-donor (Pe) concentration against a comparatively 
low concentration of electron-acceptor (PMDA), and 
vice versa. 
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Fig. I. Region of overlap of fluorescence and absorption spectra. 
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Fig. 2. (A) Illuminated region and intensity loss of exciting light in 
the cuvette. (B) Absorbing region (filter) and intensity loss of fluores- 
cence. 

Absorption. Spectra were recorded by a Lambda 19 
(Perkin Elmer) spectrometer. A cryostat (SPECAC) was 
used for cooling in the temperature range from 120 to 
300 K. The thickness of the cuvette was 3 cm. 

Fluorescence. Steady-state fluorescence spectra 
were recorded with a commercial fluorescence spectrom- 
eter (Alphascan, Photon Technology International). 
Samples were excited at k~x r = 410 nm (see Fig. 1) using 
a 75-W Xe lamp and single monochromators for wave- 
length separation of both the excitation light (bandwith, 
4 nm) and the fluorescence light (spectral resolution, 3 
nm). The samples were cooled in an Oxford cryostat 
(DN 1704). The temperature was measured and con- 
trolled by an autotuning temperature controller (Oxford 
ITC4) with an accuracy of 2 K. The luminescence was 
detected by a photomultiptier (TP1527; Hamamatsu) and 
measured with the photon-counting technique. Fluores- 
cence decay curves were measured using the time-cor- 
related single-photon counting technique and front-face 
illumination. The short focal length of the collecting lens 
ensures that only the fluorescence light emitted near the 
surface is detected, excluding influences of reabsorption 
and reemission. The excitation light source was a fre- 
quency-doubled dye laser (701; Coherent) synchro- 
nously pumped by a frequency-doubled, mode-locked 
Nd:YAG laser (2 W, 76 MHz; Antares 76 ML; 
Coherent). The repetition rate was reduced to 3.8 MHz 
by a 7200 cavity dumper. The samples were excited by 
pulses of about 5 ps and 355 nm using pyridine 2 as the 
laser dye. The fluorescence light was dispersed by a sub- 
tractive double monochromator (AMKO) and detected 
by a MCP-PMT R3809U (Hamamatsu). The overall in- 
strumental response width using timing electronics from 

Tennelec and Ortec including a 8 K multichannel ana- 
lyzer is 40 ps. The lifetimes were calculated by the soft- 
ware "Physfit" (Picoquant). 

Correction for Inner Filter Effect (IFE). If the 
quencher exhibits absorbance at the wavelength of fluo- 
rophore excitation and/or over the fluorescence region, 
the data must be corrected for the IFE [7,8]. 

The IFE comprises two processes in succession 
with different consequences. The prefilter effect (PrFE) 
diminishes the incident light disposable for fluorescence 
excitation. Adding a second substance may cause an in- 
crease in absorbance, which in turn gives rise to the 
following. First, there is an additional intensity loss of 
excitation radiation along the light path through the cu- 
vette. Second, from the total amount of light absorbed 
by any volume element, there is only a fraction available 
for fluorophore excitation (see Fig. 1), and it is only 
from this remaining fraction that, according to the actual 
quantum yield, emission can emerge. 

For every quencher concentration the intensity of 
the emerging fluorescence has to be related to the light 
intensity which was actually absorbed by the fluorop- 
hore. 

F =  Fdr ," E~ + E o (7) 
EF (1 -- 10 -E,-e,,) 

Equation (7) presumes that the total fluorescent volume 
is detected with equal efficiency (see Fig. 2). 

Fluorescence succeeds the PrFE. Before detection 
the emitted light traverses a volume of wavelength-de- 
pendent absorption (see Fig. 2). In contrast to the PrFE, 
the PFE attenuates the intensity and, at the same time, 
distorts the fluorescence spectra. Quenching affects the 
fluorescence intensity alone. Consequently, quenched 
spectra are proportional to the unquenched spectrum. 
Since the average thickness of the absorbing volume 
changes with the actual concentration and geometric 
configurations inside the cuvette, it becomes impossible 
to fix one value of thickness that is generally valid. In- 
stead, the average thickness is regarded as a varying ge- 
ometric parameter in the mathematical analysis of 
spectra. Hence, the proportionality of  fluorescence spec- 
tra remains the one and only criterion. The factor F~JF o 
represents the PFE-corrected inverse quenching ratio. 

F~,, (h, cQ) = F ~ "F~ (k)- (1 - 10-*ocQ a) (8) 

In general, both corrections are applied. With quenching 
experiments, correction for the PFE comes first and de- 
livers proportionality between the spectra. The quench- 
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Fig. 3, Quenching plots for different observation wavelength, PFE-corrected, and IFE-corrected graphs. 
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Fig. 4. Stern-Volmer plot of fluorescence lifetimes. Inset: Measured decay curve with system response and monoexponentially fitted curve. 
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Fig. 5. Temperature dependence of the static quenching constant (a) and the constant of complex 
formation determined by absorption spectroscopy (b). 

Table I. 

L mol - 

T(K) Kd,. K, .... Kt-r 

300 18.8 4.0 0.50 
280 12.3 4.2 0.55 
260 7.8 4.4 0.60 
220 2.4 4.6 0.75 
200 1.0 4.8 0.90 
125 2.50 

ing ratio so obtained is then corrected for the PrFE 
according to the equation 

F ~ F ~ EF (1 = 10 -E') 
(9) 

F Fpos, (EF + EQ)(1 -- 10-E,-e~) 

RESULTS AND DISCUSSION 

Figure 3 demonstrates the dependence of Stem- 
Volmer plots on the wavelength of observation. Over the 
region of Pe fluorescence the extinction coefficient of 
PMDA decreases monotonously with increasing wave- 
length (see Fig. 1). The absorption of fluorescence light 
by the quencher is subject to the same dependency. The 
influence of the PFE on the measured fluorescence be- 
comes smaller toward longer wavelengths of observa- 
tion. An effective PFE correction eliminates this kind of 

fake quenching and transforms the quenching plots re- 
corded at different wavelengths of observation into one 
graph (PFE corrected). This graph still pretends larger 
quenching than actually results from the dynamic and 
static quenching process. The correction for PrFE, fi- 
nally, excludes the remaining contributions of fake 
quenching and leads to one graph, upon which further 
determination of quenching constants is based. 

The symmetry of mathematical expression (4) im- 
plies that a determination of the dynamic and static 
quenching constants by nonlinear regression works only 
if both quantities deviate considerably from each other 
in magnitude. The portion of dynamic quenching at T 
= 300 K was determined directly by measurements of 
fluorescence lifetimes. The values represented in Fig. 4 
are characteristic of a diffusion-controlled process with 
Kd~ = 18.8 L mol-k Using this value we approximated 
the static quenching constant for the same temperature 
as Ks~ , = 4.0 L mol-'. The monoexponential decay of 
fluorescence present with all quencher concentrations 
and the linearity of the Stern-Volmer plots of lifetimes 
exclude the occurrence of a transient quenching term. 

On the basis of a diffusion-controlled process and 
the temperature dependence of solvent viscosity, the dy- 
namic quenching constants for other temperatures were 
calculated. 

These values together with the corresponding val- 
ues of static quenching constants obtained from steady- 
state measurements are given in Table I. From the tem- 
perature dependence of the static quenching constant 
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(see Fig. 5), it follows, according to Eq. (5), that the 
Gibbs energy of association of the quenching complex 
amounts to AGs~, = -0.86 kJ mol-'. Comparing this 
value with the equilibrium constant of complex forma- 
tion found by absorption spectroscopy shows that the 
static quenching constant is larger in magnitude (see also 
Ref. 9) but linked with a lower value of the Gibbs energy 
(AGcr = -2.86 kJ mol-l). 

Absorption spectroscopy reveals only the ionic state 
of the ground-state complex. This is the covalent state 
distinguished by larger distances between interacting 
molecules which becomes effective for fluorescence. A 
comparison of constants clarifies the contribution of the 
ionic bond structure to the mesomerism of the complex. 
The stronger interaction of the ionic bond structure ac- 
counts for the higher value of the Gibbs energy. 

The equilibrium of CT complex formation is dis- 
placed by falling temperatures against the components 

(K.,~,), and in addition, there is a simultaneous drive of 
the equilibrium of the superimposed ionic and covalent 
bindings inside the complex toward the ionic structure. 
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