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Abstract 

Ruorescence quantum yields and lifetimes as functions of temperature and solvent polarity are compared for two different hydroxy 
derivatives of 2,2'-bipyridyi. Both dyes show strongly red-shifted excited-state intramolecular proton transfer (ESIPT) fluorescence at all 
temperatures investigated, in protic solvents, the ESiPT emission is of a more allowed nature and somewhat blue shifted, owing to specific 
solvatation. A strong difference in behaviour can, however, be observed for the non-radiative losses. The symmetric dye 1 possesses large 
fluorescence quantum yields, whereas sizeable fluorescence quantum yields from 2 could only be obtained under high viscosity conditions. 
Increased solvent polarity leads to enhanced fluorescence losses. These facts and the comparison with quantum chemical calculations for 
planar and twisted structures of I and 2 are interpreted as evidence for a photochemically reached low-lying state with charge separation 
(twisted intramolecular charge transfer (TICT)), responsible for these fluorescence losses and especially active for 2. For I in aprotic solvents, 
this reaction is discussed within the quantum-chemical extension of electron transfer theory and shown to involve nuclear tunnelling. In 
addition to this viscosity-dependent decay channel, 2 also decays via a viscosity-independent (presumably n-w*) channel. The identification 
of the TICT and n-w* non-radiative channels allows a new approach to the development of highly fluorescent ESIFT dyes with very large 
Stokes shift for use in fluorescence solar collectors or other devices utilizing the principle of fluorescence-based light-pipes. 
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I. Introduction 

Fluorescence solar collectors or luminescent solar concen- 
trators (LSCs) [ 1-7] can in principle constitute a very cost- 
effective way of transforming solar energy directly into 
electricity. Instead of using a large surface of photovoltaic 
cells, the collection area is covered with one or more layers 
of glass plates containing a fluorescent dye. As shown in Fig. 
1, light absorbed by such a dye and re-emitted as fluorescence 
is channelled towards the side surfaces through multiple total 
internal reflections where it can become highly concentrated 
depending on the ratio of collection area to that of the side 
surfaces. The advantages of such arrangements are (i) use of 
considerably less photovoltaic material, (ii) light concentra- 
tion also under conditions of diffuse illumination (cloudy 
sky) and (iii) less heating of the photovoitaic material. 
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Fig. !. Schematic representation of a fluorescent solar concentrator. It works 
in both sunny and cloudy conditions via absorption of the incident photons 
by a fluorescent dye embedded in the plate and multiple total internal reflec- 
tion of the re-emitted and red-shifted light towards the edges which are 
covered with a photovoltaic material. Photons emitted inside the 'cone of 
loss' leave the plate because they do not meet the condition for total internal 
reflection, if a dye centre absorbs a photon which has already been emitted 
from another dye centre (reabsorptton), the 8aJne intrinsic Io~se~ (cone of 
loss and nonradiative decay processes) occur again. 
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Widespread use of LSCs, however, is still hampered by 
some inherent shortcomings of present-day LSCs, and thus 
the development ofpossible ways to overcome them is highly 
promising. In recent years, the following weak points of LSCs 
have been successfully tackled. 

(i) The partial coverage of the solar spectrum by the 
absorption spectrum of the dye can be enhanced by energy 
transfer or by using multiple layers of LSCs covering differ- 
ent spectral ranges. 

(ii) The long-term photostability of the dyes is one of the 
most serious problems especially if organic dyes are used 
instead of inorganic absorbing materials (which present other 
disadvantages such as low absorption coefficients and very 
narrow bands [61 ). However, at least one class of dyes has 
been found (pcrylimides) where long-term photo~tability is 
sufficient [7], even for the much more stri~J,~ent conditions 
present in a tunable solid state dye laser [8l. Moreover, tile 
use of inorganic glass material for embedding organic dyes 
(sol=gel glass technique [9,10]) can enhance the dye 
stability :. 

(iii) For large concentration ratios, the problem of reab- 
sorption of the emitted fluorescence photons by the dye 
becomes increasingly important, especially for cases where 
absorption and fluorescence spectra overlap significantly. 
Every reabsorption process leads to intrinsic losses due to 
incomplete total internal reflection (trapping efficiency 
~ ,=75% for poly(methyl methacrylate) (PMMA) [3]) 
and to non-radiative relaxation (d~,,r- ! - 0b~- where ~k~ is the 
fluorescence quantum yield). For example, even lbr ideal 
fluorescence dyes (~,. ~= ! ), ten reabsorption processes lower 
the collection efficiency ¢k~,,i = ( ~,qbf)" (where n is the num- 
bcr of reabsorption processes) by a factor of ! / (0,75) m =~ 18 
and this factor increases to 18 000 (corresponding to 99,99% 
loss of light-trapping efficiency) for medium efficient dyes 
( ~ - 0 , 5 0 ) .  A simple way of eliminating this important loss 
f¢ctor consists in decoupling absorption and emission spectra, 
and thus eliminating the reabsorption possibility for example 
by way of an adiabatic photochemical reaction. Excited-state 
intramolccular proton transfer (ESIPT) dyes prove to be 
es~ ia l ly  promising in this respect because they show 
ex~mely large Stokes shifts and negligible spectral overlap 
of absorption and emission in solution and also in PMMA 
glasses usable as collector plates (see below). Several highly 
fluorescent ESIPT dyes are known, some of which, e.g. 2- 
phenyl-3-hydroxy-flavone [12-171 and 3,Y-dihydroxy- 
2,2'-bipyridyl (1) [18-23] have been used as laser dyes 
[12,22,24,251. Another possible approach for spectral 
decoupling is to use the red-shifted emission from twisted 
intramolecular charge transfer (T1CT) states [ 26-291 some 
of which show high fluorescence efficiencies [ 30-32 ], 

In the following, we concentrate on ESIPT dyes and try to 
elucidate possible sources of intramolecular fluorescence 
quenching, Unfortunately, the vast majority of known ESIPT 

Proton transfer dyes can also be highly photostabl¢ in organic polymers 
as shown by thek application in polyethylene gn~nhouse covers [ ! I 1. 

dyes show high ~b,r (low ~bj.) in fluid solution. This empha- 
sizes the importance of controlling these non-radiative chan- 
nels for the development of new ESIPT dyes for LSCs. As 
an example, we study the closely related dyes I and 2: 

O - H  

H - O  H - O  

1 2 

They differ in the fluorescence efficiency by about three 
orders of magnitude at room temperature [20]. Using the 
solvent viscosity, solveiR polarity and temperature depend- 
ence of the non-radiative rate constant k,r and comparing it 
with quantum-chemical calculations, we can klenti fy a charge 
transfer state connected with a large-amplitude motion (TICT 
state) being responsible for the major part of k , ,  in this type 
of flexible molecule. 

2. Experimental details 

Compounds ! and 2 were a girl from Professor Anna Gra- 
bowska and Dr. Hanna Bulska (Warsaw) and were used as 
received. The sl~ctrai properties of I corresponded to those 
reported in the literature [20], whereas for 2 some deviations 
of the spectra (see Fig, 2) frown those reported in the literature 
[20] were found. Solvents (mostly Merck Uvasol) were of 
Spectrograde purity. Absorption spectra were measured on a 
Cary 17 spectrometer. Conected fluorescence spectra were 
measured on a Perkin-Elmer 650•60 spectrofluorimeter, and 
fluorescence quantum yields were determined relative to qui- 
nine sulphate in 0. I h H2SO,t (¢kf ~ 0.55 [ 33 ] ) and are cor- 
rected for changes in so[vent refractive index and solute 
absorption with temperature. Low temperature fluorescence 
lifetimes were measured w,th the single-photon-counting 
technique using synchrotron radiation from BESSY (single- 
bunch mode) as excitation source. The equipment used has 
been described elsewhere [34]. The instrument response 
function had a half width of 550 ps, and the iterative recon- 
volution procedure allowed us to determine lifetimes down 
to approximately 0.1 ns, Fluorescence decays for 1 were 
monocxponential at all temperatures (X2< 1.2). 

Quantum-chemical calculations were performed using the 
CNDO/S formalism [ 35,36] by taking into account all singly 
excited configurations below ! 5 eV in the configuration inter- 
action (Ci) procedure. ([36] was used with the original 
parameters in an updated version able to cope with 139 atomic 
orbitals.) Idealized geometry was assumed if not otherwise 
stated, with r c c  = i.4 A, rcn= 1.08 A, ro,=0.97 A, 
rcN = !.40 A, rco= !.42 A, and angles C-C.--C of 120 °, and 
C - O H  109 ° . 
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3. Experimental and theoretical results 

3. ! .  Steady-state and time-resolved spectroscopy 

Fluorescence and absorption spectra of I and 2 in solvents 
of different polarity are displayed in Fig. 2. Both compounds 
show the characteristically red-shifted ESIPT fluorescence. 
Even for 1 in PMMA glass, the spectral separation is com- 
plete. There is little solvent effect on the fluorescence spectra 
which are virtually identical for 1 in all aprotic solvents stud- 
ied (Xmax = 500 rim), and somewhat blue-shifted in alcohols 
(Am=, = 480 nm) but independent of the type of alcohol used. 
Table 1 shows that the fluorescence quantum yields drasti- 
cally differ for the two compounds investigated. However, 
even for the highly fluorescent compound 1, the ~ values in 
aprotic polar solvents and in homologous n-alcohols clearly 
show a tendency for decreasing ,'kr with increasing solvent 
polarity. No such correlation is found with solvent viscosity, 
at least for the aprotic solvents used (Table I). As shown 
below for 2, viscosity effects become operative only at much 
lower temperatures, where the viscosities are several orders 
of magnitude higher. 

Fig. 3 displays the temperature dependence of fluorescence 
quantum yield ~br and fluorescence lifetime "rr for 1 in different 

~ .  

solvents. For decreasing temperature, fff and rr increase in 
parallel to each other, consistent with a temperature-inde- 
pendent fluorescence rate constant kr = 12 × 107 s - t for I in 
ethanol. At 77 K, the "rf values in all solvents investigated 
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Fig. 2. Absorption and corrected fluorescence spectra of i and 2 at room 
temperature in different solvents. 

converge to a common lifetime "rf (77 K) = 4.8 + 0.2 ns. This 
behaviour clearly shows the presence of a temperature- 
dependent intramolecular fluorescence quenching process. 
Fig. 3 (b) shows the corresponding temperature-dependent 
non-radiative decay rate constants k,, r calculated from the 
following equation and plotted vs. 1 IT: 

k J r  ~'f- I(T) - 1"f- I (77 K) (1) 

This plot shows that, at low temperatures, k,~ T is much slower 
in ethanol than in the other solvents used, and the temperature 
dependence (activation energy) is greater i~ alcohol than in 
aprotic solvents. The derived Arrhenius parameters are col- 
lected in Table 2. This table also contains the measured life- 
times at 77 K and the comparison of experimental kr and k,, 
values. Aprotic polar solvents of different polarities show 
similar kr values (8x  10 v s - I )  whereas the kf values for 
alcohols are significantly increased (12x 107 s==). This 
lends support to the idea that the fluorescent species, for I in 
aprotic and protic solvents differ. 
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Fig. 3. (a) Fluorescence decay times of I as a function of lemperalure in 
different solvents, and comparison with the temperature dependence of the 
fluorescence quantum yield. (b)  The derived temperature dependent non° 
radiative decay constants k,, r in an Arrhenius plot. 
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Table l 
Fluorescence quantum yields of I and 2 in aprotic solvents of different polarity and the protic n-alcohol series, in aerated solutions at room temperature, where 
the solvent polarities are expressed on the Afscale; the measured extinction coefficient for the lop g-wavelength absorption maximum is also given 

Solvent A f "  ~/i, Of(1) ~ ( 2 )  e ( l )  e(2) 
(cP) (! tool - I  cm - I )  ( i  tool - I  c m - ' )  

Aprotic solvents 
2.Methylbutane 0 
3.Methylpentane 0 
Cyclohexane 0 
Diethyl ether 0.167 
Tetrab~drofurane 0.21 
n.Betyropi~rile 0,275 

Proltc solvents 
n.Butanol 0,263 
nol~panol 0,273 
Ethanol 0,289 
Methanol 0,308 

0.22 0.32 - 
0.32 0,32 ~ 0.001 d 
0.66 0.31 d _ 
0.22 0.21 -- 
0.46 0.21 - 
0.60 0.15 - 

2.95 0.36 ,I _ 
2.25 0.31 - 
1,20 0.28 0,00015 
0.55 0.25 - 

17500 ! 4900 

& f -  (e ~ I ) / (2~  + I ) = (n= ~ I ) (2n= + I ) with e the dielectric constant and n the ,efractive index. 
i, From [37], 

From [20l, 
d From [ 23]. 

Table 2 
Affhenius parameters for temperature-dependent fluorescence quenching (k,,, r) of I in different solvents, and comparison of lifetimes at 77 K and at room 
temperature, and of the derived ~ and k,v valu~ 

Solvent EA' log A h 1"r (77 K ) ~'r (298 K) kr (298 K ) c kff (298 K ) d k~ t" (298 K ) © 
(kJmol  - I )  ( X i O ~ s )  ( × l O ' ° ~ s )  ( x l O T s  °1) ( × i 0 1 s  ~ l )  ( x l O ~ s  ~ l )  

Aprotic solvents 
2-Methyibutane 
Diethyl ether 
noButyronitrile 

Profit solvents 
Butanol 
Pmpanol 
Ethanol 
Methanol 

i Activation energy, 

3,3 (±0.3) 8,4 (±0,2) 4.63 3,51 8,55 6,8 
4.9(±0.3) 9,2 t ±0, I) 4,89 2,58 8,14 18,31 
7,2 ( ± 0,5 ) 9,8 ( ± 0, I ) 4,80 1.86 8.06 32.93 

15,3 (±2 ,$)  10,7 (±0 .5)  4,77 2.92 12.3 13.3 
14,6 (±0 ,3)  10,7 ( ±0,1 ) 4,77 2.72 ! 1.4 15.8 
14,2 ( ± 1,3) I0,9 (±0,3) 4,87 2,24 12,5 24.1 
I 1,3 ( ± 0,~) 10,6 ( ± 0, I ) 4.96 1,26 19,8 59,2 

t, A is the pre-exponenttal factor, 

19.9 
30.6 
45.7 

21.9 
25.4 
32.1 
59.5 

o , m u , , ~  

3.2. Multiple.relaxations scheme in aprotic and protic 
solvents 

A closer look at the temperature dependence of vr in alco- 
hols supports this conclusion. Fig. 4 displays rr(T) for I in a 
series of alcohols. It can be seen that, at low temperatures, 
there is a temperature range of little change in v. This range 
extends to higher temperatures for longer-chain alcohols. 

We interpret this behaviour as being due to the more com- 
plicatted photophysical behaviour of I in alcohols compared 
with aprotic solvents. Scheme I contrasts the two models 
which we propose. The wavy arrows indicate temperature- 
independent non-radiative processes. 

In aprotic solvents (Scheme I (a)), two subsequent relax- 
ation processes are possible, leading first quantitatively (in 
picoseconds) to the intramolecular proton transfer product 
P* and then, much more slowly (in about 3 ns in butyroni- 
trile), towards a charge transfer (CT) state A* with non- 
emissive properties mainly respon, ible for the solvent- 
polarity, and temperature-dependent non-radiative losses. 
The CT nature of A* can be concluded from the observation 
that the temperature-dependent non-radiative decay process 
k,,r T increases for more polar solvents ('Fables 1 and 2). This 
is consistent with an assumed symmetry-breaking process 
between the ESIPT product P* (double-proton transfer 
[ 18,24], symmetric electronic structure, essentially zero 
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Scheme 1. ESIPT, solvation and deactivation process for 1: (a) aprotic 
solvents; (b) protic solvents. 

dipole moment [21,24,38,39] ) and the quenching state A* 
(charge transfer; large dipole moment). More polar solvents 
preferentially stabilize A* and accelerate the quenching reac- 
tions leading from P* to A* (see, however, below for the 
possibility of nuclear tunnelling in aprotic solvents). 

As judged from the larger size of the total non-radiative 
decay rate constant k~ °' compared with kff  (Table 2), P* 
has ~till another temperature- and polarity-independent non- 
radiative decay channel leading towards the ground state 
(around 1 × l0 s s- n for nearly all solvents). Oxygen quench- 
ing (kq[O2] <0.2× l0 s s- ~ at room temperature for the sol- 
vents used) cannot be its source because it is temperature 
dependent. We therefore propose that it could be due to an 
involvement of the n-Tr* state or to an intersystem crossing 
process. A further possible explanation involves reduction in 
0f(P*) due to incomplete population of P* (through non- 
radiative losses in E*), but this is less likely because of the 
high value of the kin. rate constant and the absence of E* 
fluorescence. 

In protic solvents (Scheme l(b)),  the intramolecular 
ESIPT product P* can relax within a short time towards a 
solvated state P,*, the possible nature of which could be an 
ESIPT state with additional single or double intermolecular 
hydrogen bond bridges to the alcoholic solvent. The ESIIYl ' 
nature of P,* can be concluded from the fluorescence spec- 
trum with large Stokes shift, but the different kr value and the 
slight blue shift with respect to aprotic polar solvents prove 
this state to be somewhat different from the ESIPT state 
reached in the absence of a protic solvent surrounding (Fig. 
2). 

The solvated state P,* possesses a more allowed nature 
than P* (increased kf, Table 2). From the blue-shifted emis- 
sion, we can conclude that the solvent stabilization for the 
corresponding ground state is more important than for P*. 
As the intramolecular fluorescence quenching originates from 
the solvated state P,*, we assume that the product is also 
solvated (As* in Scheme 1 (b)). P:* possesses a higher acti- 
vation energy for A,* formation than P* (from comparison 
of E^ in protic and aprotic solvents in Table 2). In the 
sequence of excited-state processes (Scheme 1 (b)), As* for- 
mation is therefore stopped first upon sufficient cooling (see 
the plateau regions in Fig. 4) and then the solvation process 
kAon,, T is slowed down such that the unsolvated intramolecular 
ESIPT product P* starts to emit significantly. 

The transformation of P* into P,* can be followed using 
the fluorescence spectra; Fig. 5 shows the temperature 
dependence of the fluorescence spectra of I in protic ethanol 
and aprotic diethyl ether. Upon lowering the tem~rature, a 
slight blue shift is observed in ether, together with some 
structuring (intrinsic behaviour of P*). In ethanol, however, 
a red shift is observed for I upon lowering the temperature 
converging to a spectrum similar to that in diethyl ether 
(transformation of blue-shifted P,* into P*). 

3.3. Comparison of bifunctional and monofunctional 
excited-state intramolecular proton transfer c ,mpounds 

Fig. 6 displays the fluorescence lifetime behaviour of 2 i, ~ 
different solvents compared with that of 1. At all tempera- 
tures, biexponential decay kinetics arc observed for 2. The 
short decay component is always of dominating imrortance 
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(At > 70%) and shorter than our detection limit (about 100 
ps) for temperatures above the freezing point of the solvents, 
Below it, the lifetimes lengthan (Fig, 6) and converge to a 
solvent independent value of about i,3 ns for 'rt and about 3 
ns for 1"=, From the lifetime lengthening of ~'~ and ~r2 occurring 
significantly only below the freezing point of ethanol ( 156 
K), we conclude that the main non-radiative decay is induced 
by a barriedess large-ampI~tnde motion, probably twisting 

around the 2,2'-axis, which can be stopped by raising the 
solvent viscosity sufficiently far. 

Fig. 6 also demonstrates clearly that the intramolecular 
fluorescence quenching behaviour of 1 and 2 differs strongly, 
that of 2 being faster by a large factor. 

A direct comparison of the k= T values for 1 and 2 is not 
possible with our data because the lifetime lengthening for 2 
occurs at very low temperatures only where k= r is already 
negligible for 1 (Fig. 6). We can, however, give a rough 
estimate for k= T (2) /kf f  (1) >_ 200 based on the Arrhenius 
extrapolation of the k= processes to 180 K. 

Owing to this much faster photoreaction rate constant kff  
for 2, solvation of P* (rate constant k~o:,7) and photoreaction 
(k=r(P)) in the unsolvatcd product P* can be expecte~J to 
compete, and we have to use the more general kinetic Scheme 
2 for the protic solvents. 

Thus the possibility for simultaneous fluorescence from 
both unsolvated (P*) and solvated ESIPT species P~ is pre- 
dicted and is supported by our observation of biexponential 
decay behaviour with botl~ decay components being viscosity 
dependent (Fig. 6). 

The decay parameters measured for 2 in ethanol somewhat 
depend on the emission wavelength. In the short-wavelength 
tail of the emission (500 nm) the relative weight of 'rt is 
reduced (Table 3). We therefore conclude that two emissive 
species are observed: one with a red-shifted spectrum and 
shorter lifetime (~': = !.3 ns at 77 K), and the other more 
centred towards the blue and with a longer intrinsic lifetime 
(about 3 ns at 77 K). We tentatively assign the blue-emitting 
longer-lifetime species to solvent-complexed P~*, and the 
red-shifted short-lifetime species ('rt) to uncomplexed P*. 

k PT 
O e 

E - - ~  P ~,, 

k n ~  

A' 

k T T 
~ t v  , k n ~ ( P s )  

Ps ~ ' b '  A s 

k t  s 

Scheme 2, Mechanistic scheme for 2 in pmtic solvents at low temperatures. 

Table 3 
Biexponential fit parameters (decay times ~rt) of the fluorescence decay of 
2 in ethanol at low temperatures: the lifetimes are derived fi'om globally 
fining the decay curves at two emission wavelengths (500 and 580 am; 
excitation at 320 am); for a good fit of the decay curves, a third component 
was n~.cessary which was either negligible in weight or below our time 
resolution 

Temperature ~t 1"2 A t/A2 = X ~ 

(K) (ns) (ns) 

164 0,35 1.02 5.50 I. 18 
! 27 0,54 1,20 2. I 0 1.20 
77 1.32 3.00 4.00 !.16 

a Ratio of pre-exponential factors at 580 nm; the weight of ~'2 increase~ at 
500 am. 
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3.4. Quantum-chemical calculations 

The similar behaviours of I and 2 with respect to the ESIPT 
efficiency (absence of the short-wavelength band), and the 
strongly differing behaviours regarding the temperature- 
dependent non-radiative decay rate k,,~ r can be understood by 
considering the energetics of possible adiabatic photoprod- 
ucts. We used quantum-chemical calculations for this pur- 
pose and compared the energies (relative to the ground state) 
of E*, P* and a presumed twisted A* species. 

Table 4 contains a summary of the calculated energies of 
the lowest excited states of I and 2 in both E* and P* forms 
and the comparison of experimental with calculated fluores- 
cence rate constants. For this purpose, the calculated oscil- 
lator strengths for the enol precursor E* (Scheme I), 
f=0.295 for 1, and f=0.267 for 2, were compared with the 
experimental value (f= 0.306) for 1 determined from inte- 
grated absorption of I in 2-methylbutane (e == 17 5001 reel ~ ' 
cm- i) as follows [40]: 

=4.32 X IO~'J|e d[, (2) 
J 

The emissive processes from P* were similarly treated by 
comparing the experimental kr values from the following 
equation with the calculated values: 

k~ xp= ~ (3a) 

For this purpose, the following equation [40,41] was used 
to calculate approximate fluorescence rate constants kf (in 
reciprocal seconds) from calculated f values and transition 
wavenumbers ~ (in reciprocal centimetres) for P*: 

k~ ~== = 0.661 ~,2f==~= (3b) 

Table 4 leads to several important conclusions. 
(i) Experimental and calculated kr values for I ((0.8- 

0.9) × l0 s s- ~) agree satisfactorily, consistent with emission 
from a P* state of ¢r-cr* nature~ The total decay rate el- ~ at 
77 K (2.0× 108 s-~), which corresponds to the sl.m of radi- 
ative and non-radiative rate at this temperature, is about twice 
the value of that predicted on the basis of kf alone. 

(ii) For 2, 1he kf value calculated for P* (0.8 × l0 s s= ~) 
and cf=t at 77 K (8.3× 108 s -~) differ strongly. This indi- 
cates that even at 77 K a major non-radiative decay path is 
still present for 2. This decay path could be due to efficient 
intersystem crossing or to coupling to a weakly or non=emit- 
ting =n-w* state. 

Tables 5 and 6 contain similar results derived for different 
geometric assumptions regarding P*. In the calculations for 

Table 4 
Calculated excited-state energies (CNDO/S) for 1 and 2 in the enol (E*) and the ESlPT form (P*), with standard geometries used as defined in the 
experimental section, together with the assignments, oscillator strengths fund calculated and experimental kf values (see text) 

State Energy f Assignment fe~p a kfalc b kf~p c kfab, d 
(eV) (XlOSs - '  ) (X IO~s - I )  (×  IO~s "~s) 

Compound 1, form E* 
S, 3.22 0 n-w* 0.306 !.65 
S2 3.57 0 n-,rr* 
S.~ 3.60 0.295 Ir-~* 
$4 4.34 0 w-,a'* 
S~ 4.88 0.09 ~r-lr* 

Compound 1, form P* 
S, 2.18 0 nww* - 0.83 
$2 2.42 0.329 ¢r-'n'* 
S~ 2.83 0 n-or* 
$4 3.65 0 ~'-'=* 
Ss 3.67 0 n-w* 

Compound 2, form E* 
S, 3.06 0 n-,n'* 0.273 i.72 
S= 3.59 0 n-w* 
S.~ 3.87 0.267 ~r-,tr* 
$4 4.36 0.003 w-~* 
S~ 4.83 0.148 or-w* 

Compound 2, form P* 
S~ 2.52 0 n-'n'* 
S= 2.75 0.257 w-,:r* 
$3 3.76 0.05 w-,n'* 
$4 4.02 0 n-w* 
Ss 4.40 0 n-'n'* 

0.83 

0.91 

!.72 

1.73 

' From Eq. (2) and the • value in Table 1. 
b From Eq. (3b). 
c From Eq. (3a). 
d From integrated absorption usingf ©ip and Pcxp 2 in Eq. (3b). 
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Table 5 
Comparison of calculations for the ESIPT species P* of I using different 
geometries, as shown by tt~ energies of the lowest ~'-,:r* and n-,rr* states 
(with respect to the ground state): variation in the C=O bond length Red 
(for Rcc= 1.4 A) 

P-,co Energy (eV) 
(A) 

,#~-,:r* n-'Ir* 

!.42 2.38 2.28 
1.35 2.25 2.28 
1.20 2.07 2.18 

Table 6 
Comparison of calculations for the I~IPT species P* of t using different 
geometrtas, as shown by the energies of the lowest ~ ' *  and n-tr* states 
( with respect to the ground state): variation in Rcc. the bond connecting the 
two drip (for Red" 1,2 A) 

Energy (eV) 

1.4 2.07 2.18 
1.3S 2.06 2.03 
1.3 2.05 1.86 

Table 7 
Excited-state energies ofg0 ° twisted ESlPT species of I and 2 with oscillator 
strengthfand assignment; for comparison, results for the twisted enol form 
E* are also given 

State Energy f Assignment 
(eV) 

Compound 1. form I]* 
$1 4,30 0 n ~ *  
$= 4,30 0 n~r* 
$~ 4,41 0,10 ~ r *  
,% 4,S8 0,03 ~ ' *  
Ss 5.41 0 TICT 

Compound I, form P* 
$I 2,63 0,0004 TICT 
$~ 2,66 O,O00S TICT 
S~ 2.78 0,26 ~ r *  

Compound 2, form E* 
$1 4.43 O, I I ~r-~r* 
$~ 4,67 0,0013 n=~r* 
$~ 4,70 0,028 ~,,~* 
S, 4,72 0,017 TICT 

Compound 2, form P* 
St 1,47 0,00001 TICT 
$~ 2.~ 0,00IS .~-~ 
$~ 2.91 0,00005 TICT 
,% 3.f~ 0,003 n~* 
Ss 3,72 0,14 ~ 

Table 4, it was assumed that the positions of the heavy nuclei 
are the same for E* and P*, and only the ~nolic proton moves, 
The EsIFr  form P*, however, is expected to possess some 
double-bond character in the bonds labelled Rcc and Red in 
Tables 5 and 6, which should lead to a shortening of these 

bonds in the excited-state equilibrium geometry. The results 
indicate that shortening of the C-O  bonds may be an impor- 
tant geometrical relaxation. It leads to satisfactory agreement 
between the calculated energy (2.0"/eV) and experimental 
energy (2.48 eV in aprotic solvents (Fig. 2)) of P* and to a 
reversal of ~r-~'* and n-~r* such that ~r--~r* becomes lower 
than n-~r*. This can explain the high fluorescence efficiency 
for 1; quenching by n-~'* states is negligible, and photo- 
chemical quenching by the A* state is also slow (see below). 

The theoretical results indicate on the other hand that short- 
ening of Rcc would lead to a preferential lowering of n-'tr* 
and therefore fluorescence quenching and this relaxation 
coordinate is therefore thought, by comparison with the large 
quantum yields observed, to be of minor importance. 

4. Discussion 

4, !. A possible mechanism for photochemical 
intramolecular fluorescence quenching 

From the above data on k J ,  it can be concluded that the 
temperature- and viscosity-dependent part kf f  is more than 
a hundredfold larger for 2 than for 1. We tried to correlate 
this difference with the cnergetics of a possible non-radiative 
adiabatic photoproduct A*. 3 As a most probable large-ampli- 
tude motion, the twisting around the 2,20 double bond in the 
ESlPT product P* was considered. 90 ° twisting of this bond 
leads to orbital decoupling and thus to the possibility of low- 
lying TICT states [ 26-29,42l. Recent developments of the 
theory of TICT states [43-46] contain the description of 
both twisted single and twisted double bonds [ 28-3 i,42,46] 
by biradicaloid states. 

Table 7 contains results of calculations for the lowest 
excited singlet states for the twisted geometry of the ESIPT 
product P* and also the twisted enol species E*, together 
with assignments. For both I and 2, the lowest excited state 
of the twisted P* species is of TICT nature and is therefore a 
candidate for the non-emissive quenching state A*. For 
P*(2), the TICT state calculated is of very low energy ( 1.47 
eV), much lower than that of the locally excited (LE) ~r-,tr* 
state of the twisted P* species (Ss, 3.72 eV) or of the"delo- 
calized excited" (DE) state of the planar species (,tr-'n'* 
state (2,75 eV) of P* in Table 4). For 1, on the contrary, the 
TICT energy (2.63 eV) is slightly higher than that of the ~r- 
~r* state oftbe untwisted P* (2.42 eV). We therefore propose 
that the strongly enhanced non-radiative decay rate k~ r as 
observed for 2 is due to an adiabatic photoreaction leading 
from P* towards a TICT state A* with low kr and high 
intrinsic k~ (non-radiative photochemical funnel [46] ). 

In spite of the much smaller non-radiative deactivation 
rates for 1, as displayed in Tables ! and 2, their solvent 
polarity dependence can also be interpreted by the involve- 

3 A weak emission from A* cannot be excluded for 1. it would be very 
difficult to detect in the presence of the strongly emitting P* state. 
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ment of a TICT state A* as source of the increased non- 
radiative losses observed in more polar solvents. The 
calculations suggest that TICT formation may be endother- 
mic for I or at least proceed over an activation barrier. As the 
structure of the TICT state is highly polar, this state should 
be preferentially stabilized in polar solvents with respect to 
the non-polar states of I (E* and P*). We therefore expect, 
according to the Bell-Evans-Polanyi prineiple [47], that the 
~,:.a-radiative decay rate should increase with increasing 
solvent polarity. In fact, the experimental 4~f data at room 
temperature (Table I) and more precisely the temperature- 
dependent fluorescence loss rates k,r r (Table 2) clearly show 
an increased importance of k J  (factor of about 5 for solvents 
used in Table 2) with increasing solvent polarity. 

Table 7 also shows that a similar reaction process is unfa- 
vourable from the E* state; the TICT state of the tw:,'~ed E 
species has a very high energy. 

The calculations do not reproduce the charge separation 
for the twisted-geometry (TICT state) of I if a symmetric 
structure is used, but a slight asymmetry (lengthening and 
shortening of the C-C bonds by ( ±0.01 /~) leads to full 
charge separation (high dipole moment) connected with 
localization of frontier orbitals HOMO and LUMO on sepa- 
rate rings as observed similarly for calculations on twisted 
stilbene [48,491. The symmetry-breaking process P*--* A* 
in 1 induced by the polar solvent is therefore thought to be 
similar to the symmetry breaking in symmetric TICT-forming 
compounds such as 9,9'-bianthryi [29,50,51 ]. 

4.2. Nuclear tunnelling 

As outlined above, the temperature-dependent non-radia- 
tive decay rate k,~ r, as measured at room temperature, 
strongly depends on solvent polarity (Table 2), increasing in 
aprotic solvents from 7 x 107 S " I (alkane) up to 33 X 107 

s "~ (butyronitrile). in protic solvents from 13x 107 S "-n 

(butanol) up to 60 × 107 s-~ (methanol). This behaviour i~ 
qualitatively similar and points to the involvement of a polar 
state responsible for these non-radiat:ve losses (see above). 
A closer look at the Arrhenius activation energy E^ and pre- 
exponential factor log A in Table 2, however, reveals a strik- 
ing difference. In alcohols, E^ decreases somewhat with 
increasing solvent polarity, as expected from the Beli-Evans- 
Polanyi correlation [471, and log A is more or less solvent 
independent, but in aprotic solvents, E^ increases with 
increasing solvent polarity, which would lead to decreased 
k,,, r rates if no other factors were active. The experimentally 
observed increase in k,~ r is brought about by the overcom- 
pensating effect of a strongly solvent-polarity-dependent pre- 
exponential factor A which increases by a factor of about 24 
from non-polar alkane to polar butyronitrile. A similar behav- 
tour has recently been observed in TICT formation kinetics 
where the observed rate differences for various dialkylami- 
nobenzonitriles and esters are mainly due to the pre-expo- 
nential factor [52-541 whereas the activation energies are 
very similar for all the compounds [52,55]. With reference 

to Eyring's theory of the activated complex, this behaviour 
could be termed "entropically controlled" [56--60]. 

A possible explanation for this unusual behaviour can be 
found in the recent quantum-chemieal extensions of the clas- 
sical electron transfer theory [61,62] which allow ET reac- 
tions to proceed into vibrationally excited product states 
(broken parabolae in Fig. 7). In the case when ET is in the 
Marcus inverted region [62,63], the involvement of such 
"phonon-dressed" potential curves of the product ( "nuclear 
tunnelling") leads to increased reaction rates mainly due to 
a lowering of the activation barrier for the vibrationally 
excited states of the product (Fig. 7(a), broken parabolae). 
This has recently been exemplified for the case of the solvent- 
polarity-dependent non-radiative decay in exciplexes [641. 
If, however, ET occurs in the normal region (Fig. 7(b)),  
involvement of vibronically excited product states should 
lead to increased activation energies. 

According to Arrhenius, the reaction rate, in our case the 
ET rate towards the TICT state, can be expressed by 

km,-~Aexp(--E~A~ 
knT] (4) 

where E^ and A are the activation parameters and kn is Boltz- 
mann's constant. Within the ET theory the following equation 
can be used for expressing ET rates: 

( kt~T = K FC exp kaT ] (5) 

In (5), the pre-exponential term is composed of the electronic 
transmission factor K and the Franck-Condon factor FC, 
which also contains the entropic contributions [61,65], the 
product of which can, by comparison of (4) and (5), be 
identified with the Arrhenius pre-exponential factor A. 111 the 
case of nuclear tunnelling, FC and A G* correspond to effec- 
tive values resulting from summation over the individual 
decay channels into the vibrationally excited product states 
with the individual activation energies AG*v depending on 
the vibrational quantum number u (Figs. 7(a) and 7(b) ). 

For the exciplex ease where the reactant (exciplex) state 
R is excited and of CT character, and the product state P is 
the weakly polar ground state [64], increasing solvent polar- 
ity preferentially lowers the reactant state R and decreases 
the energy gap A G. We therefore expect smaller activation 
energies A G*,, in Fig. 7(a) and the preferetJtial involvement 
of less highly vibrationally excited product states. In the exci- 
plex case these are believed to possess intrinsically larger FC 
factors [64]; hence the ET reaction rate increases with 
increasing solvent polarity owing to both a decreased acti- 
vation energy and an increased A factor. 

Our El" reaction is thought to take place at the excited- 
product-state A* hypersurface and therefore probably 
involves the normal Marcus region (Fig. 7(b) ), As it leads 
from a non-polar reactant R to a polar excited product stal.e 
P, increased solvent polarity will increase A G and theretbre 
lower the activation energies A G*~ tbr all product vibrational 
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~ t ~ t  w~v~funetion {shad~ obliquely) is i~ldic~t¢~l, visualizing the incl~sil~g |:mnck~Condon f~ct~w G~r increasing quantum numbers ~, in this case. 

levels, The involvement of nuclear tunnelling should b¢ 
uniml~M~nt because of the increased AG*,. for higher vibra- 
tional quantum numbers, unl©ss the Franck-Condon term FC 
in Bq, ($) also increases for higher vibrational quantum num- 
bers v, If this is the case, and if FC increases more strongly 
with increasing v than does the exponential term in Eq, (5), 
then nuclear tunnalling may be favourable also for ~ pro- 

cesses in the normal Marcus region, and one would predict 
that ET will occur mainly into excited vibronic levels of P. 
Franck-Condon factors which increase with increasing v are 
quite nurmal for potentials with strongly displaced minima 
as schematically shown in Fig. 7(c). For the combination of 
ground and excited states, they are often directly visible from 
the relative intensities of vibronic band series in absorption 
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(or fluorescence) spectra, when tile maximum occurs lbr a 
transition different from the series origin, e.g. in anthracene 
(medium frequency C--C stretching vibration) [661 or in 
9,9'-bianthryl and related derivatives [67,681 (low fie- 
quency intramoleeular librational motion). 

To accommodate our observation of increased activation 
energies Ibr increased solvent polarity within the quantum- 
chemical extension of classical ET theory, we therefore have 
to assume that, for increasing solvent polarity, the ET reaction 
occurs at vibrational levels of higher quantum number, favou- 
red by larger Franck-Condon factors. 

The question remains why we lind evidence for nuclear 
tunnelling only in aprotic solvents. This difference is proba- 
bly related to the different nature of the emissive species in 
aprotic and protie solvents. As discussed above, protic sol- 
vents lead to specifically solvated species (c :gaged in inter- 
molecular solute-solvent H bondin,, ~ which show a slightly 
blue-shifted emission spectrum (Fig. 2) and exhibit an 
increased emission rate (from 8 x  107 s" i in aprotic to 
12 x 107 s ~ ~ in protic solvents (Table 2) ). The intermole- 
cular H bonding weakens the intramolecular H bonding with 
the consequence that the rotational potential may become 
steeper in aprotic than in protic solvents, and this will impose 
an additional hindrance to any twisting motion in aprotic 
solvents. The TICT formation necessitates a twisting away 
from the planar conformation, and therefore a breaking of 
these intramolecular H bonds which are present in the aprotic 
solvents. ET, twisting motion and intramolecular H bonding 
are therefore more strongly coupled in aprotic solvents than 
in protic solvents, and it is conceivable that this coupling may 
necessitate a quantum-mechanical 4escription. 

5. Conclusions 

Putting together both ESIPT and TICT photochemical 
reactions we propose that 2 and, to some extent, also I return 
to the ground state in aprotic polar solvents via a double- 
stage photochemical mechanism as indicated in Scheme I. 
ESIPT kinetics are ultrafast such that fluorescence from the 
precursor enol species E* (and possible quenching by the 
respective TICT states of E ~" predicted to be higher in energy 
(Table 7)) is negligible. The ESIPT product species P* can 
react to a non-luminescent TICT state A*. Compounds I and 
2 mainly differ in this photochemical channel, and the quan- 
tum-chemical calculations indicate that the reason for this 
difference is the energetics of A*. In protic solvents, this 
picture is complicated by the involvement of solute-solvent 
complexation. Furthermore, nuclear tunnelling probably con- 
nected with the rupture of H bonds is shown to be of impor- 
tance in 1. 

The energetics of this consecutive three-state photochem- 
ical scheme are summarized in Fig. 8. This figure also con- 
tains the predictions for 3, which has only very recently 
become available [ 69]. 

O - N  O-H 

3 4 

Because of a high-lying TICT state, 3 should show simio 
larly good fluorescence quantum yields as I, bu! is absorption 
should be red shifted by about 0,2 eV to about 380 nm, and 
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its ESIPT emission is predicted to occur at around 560 nm. 
The calculations for 4 predict a very favourable quantum 
yield too, a high-lying TICT state and an absorption around 
400 nm and its ESIVI" emission around 620 rim. The latter 
examples show how mechanistic control can be used in pre- 
dicting new and efficient ESIPT dyes of desired properties 
(longer-wavelength absorption to cover a better range of the 
solar spectrum and minimization of intramolecular non-radi- 
ative processes), e.g. for use in fluorescence solar concentra- 
tors or in proton transfer lasers. 
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