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bstract

Photophysical properties of 2,6-dicyano-N,N,N′,N′-tetramethyl-p-phenylenediamine (DCTMPPD) are reported. Fluorescence quantum yields
ange from 0.37 to 0.58 and fluorescence lifetimes from 12.2 to 22.9 ns in 28 different solvents. The triplet energy is determined to be 16.8 kK.
teady-state and time-resolved emission anisotropies in glycerol are given. Three correlation times with τ1 < 0.8 ns τ2 = 20 ns and τ3 > 80 ns
re found. The fluorescence solvatochromism is analyzed using empirical one- and multiparameter approaches as well as classical non-empirical
ontinuum models. The excited state dipole moment is estimated to be between 10 and 12 D, depending on the model applied. The ground state

Ka is determined to be 2.5, while for the excited state pK∗a a range of 0.5–2 can be estimated.

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

For many reasons p-phenlyenediamines are an important
lass of compounds. They establish well-defined reversible
wo-step redox systems, as already pointed out by Michaelis
t al. [1,2] in a series of significant papers in the mid-
0s. Under oxidation the diamines (R) form stable colored
emiquinone radical cations (S+•, Wurster’s salts) and the addi-
ional withdraw of an electron results in the colorless quinone-
iamines (T). These redox properties and their low oxida-
ion potentials make p-phenlyenediamines suitable as devel-
pers of color films and slides, for example. Redox poten-
ials vary according to the various substituents [3,4] and espe-
ially the N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPPD)
s widely used as an excellent electron donor, both in forming
harge transfer complexes and in photoinduced electron transfer

eactions.

Many physical properties of these compounds, as e.g. redox
otentials, pK-values, extinction coefficients, of both R and S+•,
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tc. are reported in the literature [3,5]. ESR-coupling constants
nd the corresponding spin densities have been measured and in-
erpreted in great detail [6]. Photoionization, CIDEP (chemically
nduced dynamic electron polarization) and MARY (magnetic
eld dependent reaction yield)[7] studies are reported on these
ubstances, mainly on TMPPD [8–10], but to the best of our
nowledge, no highly fluorescing p-phenlyenediamine deriva-
ive has been observed and studied up to now. In this paper we
eport the basic photophysical aspects of the first highly fluores-
ent p-phenlyenediamine derivative, the 2,6-dicyano-N,N,N′,N′-
etramethyl-p-phenylenediamine (DCTMPPD).

From another point of view, DCTMPPD can be considered as
ertaining to the family of amino substituted cyano-benzenes,
hich are of enormous photochemical interest. p-Cyano-N,N-
imethylaniline (DMABN) is one of the most studied fluoresc-
ng molecules [11] due to its fascinating dual fluorescence prop-
rties. Unlike DMABN, DCTMPPD does not demonstrate this
eature in the polarity range studied.

From the comparison between benzene, anilines (includ-
ng phenylenediamines), and cyano-anilines it becomes obvi-
us that the combination of the electron withdrawing cyano

roup and the electron donating amino group, or its methy-
ated form, dramatically increase both fluorescence quantum
ield and lifetime. In fact, the excited state dipole moments are
sually notably larger than the ground state ones. One of the

mailto:grampp@ptc.tugraz.at
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ims of this paper is to find the excited state dipole moment
f DCTMPPD from classical Stokes shift analysis in several
olvents.

This article is meant to be a collection of most of the prop-
rties of interest in photochemical and photokinetic studies in
olution related to DCTMPPD.

. Experimental

2, 6- Dicyano- N, N, N ′, N′ -tetramethyl-p-phenylenediamine
as synthesized and purified as described elsewhere [12].
olvents were freshly distilled and dried over molecular sieve.
ClO4 (Merck, 70%), citric acid monohydrate (≥ 99.5% p.a.,
oth) and Na2HPO4 (≥ 99.0% purum p.a., Fluka) were used as

eceived. pH values of aequeous solutions were either measured
sing a pH-electrode (pH > 3) or determined via titration with
.4 M NaOH Merck standard.

All solutions were deaerated with Ar for 15 min immediately
efore each measurement to avoid quenching caused by oxygen.
he measurements were carried out in septa-sealed quartz cu-
ettes (10 mm Suprasil glass). The concentration of DCTMPPD
as always chosen such that the absorption at the excitation
avelength did not exceed 0.10, corresponding to a maximum

oncentration of 3× 10−5 M. All experiments were performed
t 25 ◦C except for the measurements in glycerol (anisotropy,
ime resolved area normalized emission spectra (TRANES)),
hich were conducted at 20 ◦C.
Absorption spectra were recorded with a Shimadzu UV-

101PC UV-VIS-NIR spectrophotometer (bandpass 1 nm). Cor-
ected fluorescence and excitation spectra were recorded with a
obin–Yvon Spex FluoroMax-2 spectrofluorimeter (scan range
rom 250 to 900 nm, bandpass 2 nm). The solid state lumines-
ence measurements (77 K) were obtained on a multifunctional
pectrofluorometric system [13]. Gas phase measurements were
erformed in a home-built apparatus similar to the one described
n Ref. [14], which was attached to the FluoroMax-2 spectroflu-
rimeter.

Lifetime measurements were performed on a home-built
odulation spectrofluorometer and a single photon counting

pparatus, both described elsewhere [15]. For time resolved
nisotropy and time-resolved emission spectra (TRANES) a Pi-
oQuant 397 nm pulsed Laser diode was used as vertically po-
arized excitation light source. A total of 15 million counts (in
096 channels) were recorded in every individual experiment to
ecure a good signal to noise ratio, even at long times; thus, about
0,000 counts are recorded in the channel of maximum intensity.
RANES were recorded with the emission polarizer set at the
agic angle condition (54.7◦). For the proper choice of the emis-

ion wavelength six different interference filters (10 nm FWHM)
ere used. The validity of the polarizer settings in steady-state

nd time-resolved anisotropy experiments was checked using a
iluted scattering sample. The corresponding anisotropies were
ound to be well above 0.97 [16].
Fluorescence quantum yields were determined using a deaer-
ted solution of Coumarin 6 in ethanol as a reference standard
�R = 0.78 [17]). The following equation [18,19], the valid-
ty of which was recently approved by Kotelevskiy [20], was

i
o
o
s

ig. 1. Clausius–Clapeyron representation of gas-phase fluorescence intensities
f DCTMPPD at different temperatures.

pplied:

s = Is

Ir

(1− 10−ODr)

(1− 10−ODs)

(
ns

nr

)2

�r (1)

here I is the emission intensity, was calculated from the inte-
rated corrected spectrum area, OD represents the optical den-
ity at the excitation wavelength and nX the refractive index at
5 ◦C of the corresponding solvent. The subscripts s and r re-
er to the sample and to the reference, respectively. The optical
ensity at and beyond the excitation wavelength did not exceed
.10.

. Results and discussion

.1. Sublimation enthalpy

The dependence of gas-phase fluorescence intensity, Ifl,
n temperature was monitored and found to agree with the
lausius–Clapeyron relation [14,21]

d ln p

dT
= d ln(Ifl)

dT
= �vapH

RT 2 , (2)

here �vapH is the sublimation enthalpy and p, R and T are
ressure, gas constant and thermodynamic temperature. As it
as impossible to monitor the pressure directly, it was assumed

hat at the lowest pressures achieved (300 Pa) the fluorescence in-
ensity and the pressure were directly proportional. To check the
alidity of this method the sublimation enthalpy of anthracene
as determined and compared to recent literature results [22].
he obtained 84 kJ/mol were within the range of sublimation
nthalpies obtained by common methods. The sublimation en-
halpy of DCTMPPD amounts to 52 kJ/mol (see Fig. 1).

.2. Fluorescence anisotropy

Fluorescence depolarization following excitation with polar-

zed light gives useful information on (i) the relative position
f absorption and emission transition dipole moments, which is
btainable from the maximum anisotropy, r0, (ii) the molecular
ize and (iii) the nature of the electronic transitions from the
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Fig. 2. Excitation (—) and emission (- - -) anisotropy in glycerol at 20 ◦C, with
λem = 520 nm and λexc = 400 nm, respectively. The shape of r is independent
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Fig. 3. Time resolved area normalized emission spectra (TRANES) of
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anisotropy decay resulting in the necessity to use up to five ex-
ponentials for fitting.

Fig. 4. Time resolved anisotropy of DCTMPPD in glycerol at 20 ◦C, including
f both emission and excitation wavelength. Absorption, (A(λ), —), and fluo-
escence, (I(λ), - - -), spectra of DCTMPPD in glycerol are given for the sake of
larity in the lower graph.

xitation polarization spectrum. Especially the latter property is
ssential for subsequent solvent shift analyses.

.2.1. Steady-state anisotropy
The anisotropy, in the most general case, is given by:

= IVV −GIVH

IVV + 2GIVH
, (3)

here G = IHV/IHH and for example IHV corresponds to hori-
ontally polarized excitation and vertically polarized emission.
he steady state excitation anisotropy spectrum of DCTMPPD

n glycerol is given in Fig. 2 and shows only a slight change of
nisotropy across the lowest energy absorption transition. Ob-
iously the latter pertains only to one transition (S0 → S1). The
bsolute value of the resulting steady-state anisotropy is much
ower than r0 due to rotational and librational depolarization,
hich are still active even in highly viscous glycerol solutions,

s will be seen from the time resolved measurements.
The steady-state emission anisotropy, also shown in Fig. 2

or completeness, indicates that, as in the aforementioned ab-
orption, a simple two-state transition (S0 ←S1) is observed.
he increasing anisotropy at the blue edge of the emission is
ue to solvent relaxation causing a dynamic Stokes-shift [16].
o confirm this statement time-resolved area normalized emis-
ion spectra (TRANES), shown in Fig. 3, were conducted. The
RANES were obtained by fitting the corresponding fluores-
ence decays following the usual procedure for time resolved
mission spectra (TRES) as described e.g. in [16] and adding
s final step the normalization to the area of the correspond-
ng TRES [23,24]. For a better guidance of the reader’s eye the
xperimental data points were then fitted using the log-normal

unction [25]. No isoemissive points can be observed indicating
hat a continuum of species, as usual for solvent relaxation in
iscous media, is involved in the relaxation process [26].

t
e
W
b

CTMPPD in glycerol. (�) Denote the experimental points, while (—) denote
he corresponding fits using the log-normal function. The times represented are
, 0.1, 0.3, 0.5, 1, 2 and 10 ns in order of decreasing peak energy.

.2.2. Time-resolved emission anisotropy
For the time resolved measurements a simplified version of

q. (3) was used (G = 1). The modular set-up[15] allows a
xed position of the emission polarizer and the detection sys-

em. Whenever the polarizer is changed from the vertical to
he horizontal position, the detection system thus is changed
oo, thereby avoiding a manifestation of the photomultiplier
ensitivity-dependence on differently polarized light. From the
arious methods of time resolved anisotropy decay parameter
xtraction the direct r(t)-decay analysis was chosen. All other
nalysis methods as e.g. direct analysis of I‖ and I⊥, or analysis
f I‖ − I⊥ and I‖ + 2I⊥ were rejected due to the complicated
verlap of time-dependent spectral relaxation (cf. Fig. 3) and
he long time fit to r(t), using Eq. (5), and the instrument response function. The
mission was observed through a 520 nm interference filter (ca. 10 nm bandpass).
eighted residuals are given for the fitting range. The inlet shows the short time

ehaviour.
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Fig. 4 shows the anisotropy decay, r(t) including the weighted
esiduals, accounting for the propagation of the individual mea-
urements’ Poisson errors. The corresponding weighting factor
or channel i, w(i), is given by [27]:

(i) = 3(I‖(i)+ 2I⊥(i))

(2+ 3r(i)− 3r(i)2 − 2r(i)3)
(4)

A direct analysis of the anisotropy decay is not suitable for
xtracting correlation times close to the width of the instrument
esponse function [16,28]. Therefore the fitting range was lim-
ted to the long time regime (t > 4 ns). This limitation allows the
etermination of one and a crude estimation of a second correla-
ion time, τrot

i , and permits an estimation of r0. The third observ-
ble but not analyzable fast correlation time, too fast (< 800 ps)
o be associated with rotational diffusion of DCTMPPD, is prob-
bly a manifestation of very fast librational motions of the fluo-
ophore within the solvent cage. In the following it is supposed
i) that DCTMPPD is sufficiently well described by an ellip-
oid (semiaxes2: a = 6.2 Å, b = 5.2 Å, and c = 3.8 Å) whose
wo rotational diffusion coefficients about the two in-plane axes,
⊥, (perpendicular to the symmetry axis) are similar and much

maller than the diffusion coefficient for rotation around the
nique axis of symmetry, D‖, (parallel to the symmetry axis),
ii) that the electronic transitions (absorption and emission) are
olarized within the molecular plane with φ being the difference
n their azimuthal angles and (iii) that the ultrafast depolariza-
ion component is excluded from the analysis. The resulting bi-
xponential description of the anisotropy decay due to rotational
iffusion is given by [29]:

(t) = r(0)red(0.25 exp(−6D⊥︸︷︷︸
1/τrot

1

t)+ 0.75 cos 2φ

× exp(−(2D⊥ + 4D‖)︸ ︷︷ ︸
1/τrot

2

t)), (5)

here r(0)red accounts for the reduced maximum anisotropy,
hich is due to the excluded ultrafast (non-rotationally diffu-

ional) component. Applying this four-parameter model to the
xperimental anisotropy decay yields,

τrot
1 = (6D⊥)−1 = 80± 30 ns D⊥ = (2.1± 1.2)× 106 s−1

τrot
2 = (2D⊥ + 4D‖)−1 = 20± 1 ns

D‖ = (11.4± 0.6)× 106 s−1 r(0) = 0.25 φ = 15◦

he limited time resolution of the apparatus allows only for an
stimation of the absolute maximum anisotropy, r(0). From Fig.
it is estimated to be larger than 0.35. Correspondingly the angle
etween the absorption and emission transition dipole moments,

, is estimated to be smaller than 16◦, which is in coherence with

he above applied model.

2 Semiaxes were determined by circumscribing the geometry optimized
MP2/6-311+G**) van der Waals surface of DCTMPPD with the ellipsoid of
inimum superficies.

d
t

w

ig. 5. Modified phosphorescence spectrum of DCTMPPD in n-propanol at
7 K. Vertical lines denote the errors for determination of the triplet energy, ET.

.3. Triplet energy, ET

The triplet energy, ET, was determined from the turning point
f the solid state luminescence spectrum in n-propanol at 77 K
o be 16.8 kK (cf. Fig. 5).

.4. Condensed phase photophysical properties

The extinction coefficient, ε,3 the fluorescence quantum
ield, �F, the fluorescence lifetime, τF, and the 0–0 energy, E00,
f DCTMPPD were determined in 28 different solvents, span-
ing a wide range of polarities (see Table 1). Additionally the
enters of gravity of the fluorescence, ν̃

cg
f , and the energetically

owest absorption band, ν̃
cg
a , were determined by:

˜cg
f =

∫
I(ν̃)ν̃ dν̃∫
I(ν̃) dν̃

, ν̃cg
a =

∫
ε(ν̃)ν̃ dν̃∫
ε(ν̃) dν̃

(6)

here I(ν̃) and ε(ν̃) are the modified fluorescence and absorp-
ion spectra (see Fig. 6 for an example), respectively, given by
18,30]:

(ν̃) = I(λ)

ν̃5 , ε(ν̃) = ε(λ)

ν̃
(7)

nd used for further solvatochromic shift analyses. The energet-
cally lowest lying absorption band was extracted by fitting with
ve Gaussians, four pertaining to the lowest energy transition
and and the fifth accounting for the low energy shoulder of the
djacent absorption band. The 0–0 energy, E00, was estimated
aking the mean value of fluorescence and absorption centers of
ravity,

00 = ν̃
cg
a + ν̃

cg
f

2
. (8)
Additionally the radiative lifetimes, τFM, obtained by two
ifferent methods were compared. The first method to obtain
he radiative, or intrinsic, fluorescence lifetime is simply being

3 The extinction coefficient of DCTMPPD did not change with solvent and
as evaluated to be 2700± 300 M−1cm−1 using the Lambert–Beer law.
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Table 1
The spectral and photophysical properties of DCTMPPD at 25 ◦C in solvents of different properties

No. Solvent α [31] π∗ [31] ν̃
cg
a (kK) ν̃

cg
f (kK) E00 (kJ mol−1) τF (ns) �F

1 Gas-phase (473 K) 0.00 −1.20 26.36 20.57 281 – –
2 Acetone 0.08 0.62 25.65 19.05 267 21.3 0.51
3 Acetonitrile 0.19 0.66 25.58 18.87 266 21.8 0.53
4 Benzene 0.00 0.55 25.27 19.25 266 17.9 0.57
5 Benzonitrile 0.00 0.88 25.04 18.90 263 19.5 0.50
6 Butylacetate 0.00 0.46 25.65 19.35 269 18.7 0.52
7 Butylether 0.00 0.18 25.80 19.91 273 16.0 0.45
8 Cyclohexane 0.00 0.00 25.81 20.17 275 12.5 0.37
9 1,2-Dichloroethane 0.00 0.73 25.35 19.10 266 17.8 0.52

10 Dichloromethane 0.13 0.82 25.17 19.13 265 19.2 0.57
11 Diethylether 0.00 0.24 25.60 19.71 271 16.6 0.46
12 Dioxane 0.00 0.49 25.57 19.17 268 19.3 0.55
13 dmfa 0.00 0.88 25.41 18.73 264 21.8 0.57
14 dmso 0.00 1.00 25.20 18.58 262 22.9 0.55
15 Ethanol 0.86 0.54 25.53 18.93 266 21.3 0.51
16 Ethylacetate 0.00 0.45 25.66 19.26 269 19.1 0.49
17 Glycerin 1.21 0.62 24.79 18.27 258 20.4 0.54
18 Hexane 0.00 −0.11 25.86 20.25 276 12.7 0.38
19 i-Pentane 0.00 – 25.96 20.26 276 12.2 0.37
20 i-Propylether 0.00 0.19 25.86 19.88 274 14.8 0.39
21 Methanol 0.98 0.60 25.49 18.85 265 22.2 0.52
22 Octanol 0.77 0.40 25.42 19.11 266 19.1 0.58
23 pc 0.00 0.83 25.35 18.78 264 22.0 0.58
24 n-Pentylether 0.00 – 25.74 19.77 272 16.1 0.46
25 Propionitril 0.00 0.64 25.57 19.02 267 19.0 0.47
26 n-Propylether 0.00 0.27 25.65 19.70 271 16.0 0.55
27 thf 0.00 0.55 25.61 19.30 269 18.8 0.54
28 Toluene 0.00 0.49 25.30 19.35 267 17.5 0.55
29 H2O (pH 7) 1.17 1.09 25.8
30 H2O/HClO4 (H0 − 1) – – 26.4

a Used acrynoms: dmf: dimethylformamide; dmso: dimethylsulfoxide; pc: propyle

based on the definition of the fluorescence quantum yield, which
is given by:

�F = τF

τFM
, (9)

where τFM and τF are the radiative and fluorescence lifetimes,
respectively. The second approach is more theoretical, and es-
timates the radiative lifetime using the Strickler-Berg relation

Fig. 6. Modified absorption (—) and fluorescence (- - -) spectra of DCTMPPD
in acetonitrile.
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5 18.01 262 22.0 0.47
0 20.00 277 4.0 0.06

ne carbonate; thf: tetrahydrofurane.

32], which is given by

1

τFM
= 8π230cn2

NL

∫
I(ν̃) dν̃∫

(I(ν̃)/ν̃3) dν̃

∫
ε(ν̃)

ν̃
dν̃ (10)

here I(ν̃) and ε(ν̃) represent the fluorescence and absorption
pectra, respectively. For the estimation of the radiative lifetime
sing Strickler’s and Berg’s equation the first absorption band,
heoretically pertaining to the S0–S1 transition, is extracted as
escribed above.

Comparison of the experimentally, Eq. (9), and theoretically,
q. (10), obtained values for the radiative lifetimes gives a rea-
onable linear relationship (not shown), thus justifying the usage
f the Strickler-Berg relation and its inherent assumptions. The
owest energy absorption band shape changes from an almost
aussian shaped curve in polar solvents to a broad unstructured
on-Gaussian curve in non-polar solvents (see Fig. 7). The in-
erference of additional low lying excited states can be outruled
ue to the perfect congruence between absorption and excitation
pectra and the flatness of the steady-state excitation anisotropy
ver the whole low energy absorption band, thus justifying the
ssumption of a two-level energy scheme.
.5. Solvatochromism

The shift of spectra upon changing the solvent can be used to
btain important information on the solute’s intrinsic photophys-
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Fig. 7. Modified absorption spectra of DCTMPPD in acetonitrile (—) and cy-
clohexane (- - -).
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Reichardt standard molecule. Anyway, two parallel plots, one
for protic and one for aprotic solvents, are obtained where the

T
L

T

ig. 8. ET30 plot of all experimental fluorescence maxima. Note the shift of
CTMPPD in protic solvents (15, 17, 21, 22, 29).

cal characteristics and its specific and non-specific interactions
ith the solvent. Due to the above mentioned difficulties with

bsorption spectra only the fluorescence spectra were analyzed.

.5.1. ET30-scale
ET30 plots are presented to get some insight into whether

pecific interactions (as e.g. H-bonding) have to be accounted
or or not. Two distinct parallel lines are found in our ET30 anal-
sis (Fig. 8), one for non-protic solvents and one for protic sol-
ents. This indicates merely that for the energetics of DCTMPPD

pecific solute–solvent interactions with protic solvents are less
mportant than for the Reichardt betain dye [33].

p
p

able 2
SER parameters for the analysis of the fluorescence centres of gravity

Data ν̃◦f
All data (25) 20.08± 0.05(433.4)
Wo halogenated (23) 20.09± 0.03(572.4)
Wo hal. + arom. (20) 20.09± 0.03(607.4)

he parameters are given together with their respective standard deviations and the t-
Photobiology A: Chemistry 183 (2006) 225–235

.5.2. Linear solvation energy relationship (LSER)
To get deeper qualitative and quantitative information on the

ype of solute–solvent interactions an analysis of the fluores-
ence centers of gravity using a multi-parameter approach in-
roduced by Kamlet and Taft [34] was performed:

˜cg
f = ν̃◦f + sπ∗ + aα+ bβ, (11)

here ν̃
cg
f denotes the center of gravity of the corrected flu-

rescence spectrum, where π∗ is a measure of the polar-
ty/polarizability of the solvent. The α-scale is an index of sol-
ent acidity (hydrogen bond donor ability) and the β-scale is
n index of solvent basicity (hydrogen bond acceptor ability).

hile π∗, α and β denote the solvent properties for each of the
bove mentioned contributions for solute–solvent interactions,
he coefficients s, a and b describe the corresponding solute’s
ontributions. Therefore the advantage of the Kamlet–Taft treat-
ent is obviously to sort out the quantitative role of properties

uch as hydrogen bonding.
For the present data only ν̃◦f , s, and a are used. The absence

f easily hydrogen-bond forming available hydrogen atoms in
CTMPPD allows for setting b to 0. Inclusion of b as adjustable
arameter (i) did not improve the result (R value) and (ii) yielded
value for b smaller than it’s corresponding standard deviation.

n Table 2, the fitted parameters plus their standard deviations
nd t-Student values [35] are represented.

These results show that the fluorescence of DCTMPPD is
ffected by two solute–solvent interactions: (i) First and most
mportant are the polarity/polarizability effects, which are repre-
ented by a high value for s, with very small standard deviation
nd high t-value. (ii) Second and less important is α, which
s manifested by a much smaller parameter value and a notice-
ble smaller t-Student value. This fact indicates certain hydrogen
onding acceptance ability of DCTMPPD. The multiple linear
egression equation (LSER) for the fluorescence centers of grav-
ty (in 103 cm−1) using π∗- and α-values is shown in Fig. 9 and
s described by the following equation:

˜cg
f = 20.09− 1.60π∗ − 0.34α. (12)

The negative signs for both, s and a coefficients can be ex-
lained by shifts of the fluorescence spectra to lower energies
ue to both interactions.

Before analyzing the experimental data by applying more
undamental methods we will resume the empirical results of
he preceding analysis: (i) The ET30 analysis only indicates
hat DCTMPPD is differently affected by the solvents than the
rotic solvents are displaced to higher wavenumbers than ex-
ected, indicating that DCTMPPD is less affected by hydrogen

s a R

−1.48± 0.08(−18.9) −0.39± 0.07(−5.9) 0.9782
−1.55± 0.06(−25.2) −0.36± 0.05(−7.2) 0.9887
−1.60± 0.06(−26.6) −0.34± 0.05(−7.0) 0.9916

Student test values.
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ig. 9. LSER plot of experimental fluorescence maxima (all data except 1, 17,
9, 24) against their corresponding theoretical values using the α and π∗ values
or the solvent only.

onding interactions than the Reichardt molecule. (ii) The LSER
nalysis already gives deeper insight into both qualitative and
uantitative contributions to the solute–solvent interactions. Its
esult indicates that polarity/polarizability and to a small extent
ydrogen bonding are the important interactions in condensed
edia. From a qualitative point of view these obtained results

eem quite reasonable:

. Polarity/polarizability term: the two electron donating
(amino) and accepting (cyano) groups, respectively, are in-
trinsically adscribing the molecule a certain dipole moment
which will definitely be strongly affected by various different
solvent dipoles.

. Solute basicity (hydrogen bond acceptor): qualitatively the
two amino N atoms, and to some minor extent the cyano N
atoms, possess a pair of free electrons that can interact with
hydrogen atoms from protic solvents.

. Solute acidity (hydrogen bond donor): the only hydrogen
atoms available in DCTMPPD are the amino methyl hydro-
gens and the two aromatic hydrogen atoms, neither of which
are known as strong hydrogen bond donors, hence b is of no
importance.

he LSER analysis thus shows to be in good agreement with
hat is expected from a qualitative point of view.

.5.3. Non-specific solute–solvent interactions
By changing the electronic properties of the solvents, repre-

ented by their continuum properties, dielectric constant, ε, and
efractive index, n, a noticeable change in shape and position
f the electronic transitions can be observed depending on the
olute’s electronic properties, as dipole moment, µx, and polariz-

bility, αx, of a given electronic state X. The relative value of the
wo latter quantities determines whether a solvatochromic shift
ill be more or less pronounced in absorption or fluorescence

pectra. Unless αx and µx are 0, a change in the correspond-
d
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ng electronic transition can be observed and should, for coher-
nce reasons, be included in any solvatochromic shift analysis.
rom this point of view four different solute–solvent interac-

ions can arise [36]: (i) dipole–dipole, (ii) solute dipole–solvent
olarizability, (iii) solute polarizability–solvent dipole and (iv)
olarizability–polarizability interactions. Four different models,
ll based on the Onsager reaction field [37] were used. They dif-
er in their modelization of the solute molecule and the amount
f interactions included in the reaction field:

a. Lippert-Mataga model [38]: the most simple model that
accounts only for dipole–dipole interactions. The molecule
is modelled by a sphere with radius r and assumes parallel
ground and excited state dipole moments.

ν̃
cg
f = ν̃

cg
f0 −

2µe(µe − µg)

hcr3

⎛
⎜⎜⎜⎝

ε− 1

2ε+ 1︸ ︷︷ ︸
f (ε)

− n2 − 1

2n2 + 1︸ ︷︷ ︸
f (n2)

⎞
⎟⎟⎟⎠ , (13)

where ν̃
cg
f0 denotes the fluorescence transition in the absence

of solvent, µe and µg denote the excited and ground state
dipole moments, respectively, while the other parameters
have their usual meaning.

b. Spherical Lippert model [39]: it accounts for dipole–dipole
and solute dipole–solvent polarizability interactions using a
spherical approximation of the solute molecule and parallel
dipole moments:

ν̃
cg
f = ν̃

cg
f0 −

2µe(µe − µg)

hcr3 (f (ε)− f (n2))

− 2(µ2
e − µ2

g)

2hcr3 f (n2)︸ ︷︷ ︸
solvent polarizability

= C − 2µe(µe − µg)

hcr3 f (ε)+ (µe − µg)2

hcr3 f (n2) (14)

c. Elliptic Lippert model [39]: as b but using a more realistic
elliptic approximation of the molecule (described by the three
elliptical semiaxes ae, be, ce and an empirical factor r that can
be approximated by the reduced solute radius as given in a):

ν̃
cg
f = ν̃

cg
f0 −

2µe(µe − µg)

hcr3 F (ε, A)︸ ︷︷ ︸
ellipsoid

f (ε)

+ (µe − µg)2

hcr3 F (n2, A)︸ ︷︷ ︸
ellipsoid

f (n2), (15)

where

F (x, A) = 3A(1− A)(2ε+ 1)

2((1− A)ε+ A)∫ ∞

A =

2 0 (s+ a2
e)3/2(s+ b2

e)1/2(s+ c2
e )1/2

. Liptay model [40]: the Liptay model represents the most
comprehensive approach used in this paper and accounts for
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Fig. 10. Experimental fluorescence centers of gravity against their correspond-
ing theoretical values using the Liptay equation (16).

Table 3
Parameters obtained from non-specific solute–solvent interaction models

Model ν̃
cg
f0 (kK) µe (D) R

Lippert-Mataga 20.3 11.1 0.948

i
v
a
p

3

3
The buffer solution absorption spectra of DCTMPPD in the

pH range from 1.5 to 6.5 are shown in Fig. 11. Isosbestic points
were found at 409, 342, 303 and 280 nm.
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all four possible solute–solvent interactions assuming ellip-
soidal solute molecules. It’s simplifications consist in as-
suming parallel dipole moments in the ground and excited
state and setting ground and excited state solute polarizabil-
ity equal:

ν̃
cg
f = ν̃

cg
f0 −

2µe(µe − µg)

hcr3 F (ε, A)(1− f ᾱ)︸ ︷︷ ︸
solute pol.

f (ε)

+ (µe − µg)2 − 2hcD

hcr3 F (n2, A)(1− f ′ᾱ)︸ ︷︷ ︸
solute pol.

f (n2),

(16)

where F (x, A) and A are given by the above equations
(in c), ᾱ is the molecule’s polarizability in the dipole
moment direction,4 D denotes the dispersion interactions5

and f and f ′ are given by f = 2r−3f (ε)F (ε, A) and f ′ =
2r−3f (n2)F (n2, A), respectively.

odel a has the advantage of using a simple linear fit (ν̃cg
f versus

(ε)− f (n2)) to extract the excited state dipole moment, µe.
he other three models require non-linear fitting procedures.

n the case of large dipole moment changes upon excitation all
odels can be reduced to linear expressions in f (ε)− 1/2f (n2).
Not all solvent data was taken into account for the analysis.

ne has to restrict the solvents to those that don’t show any spe-
ific solute–solvent interactions: (i) Hydrogen donating solvents
α > 0 from Kamlet–Taft scale) were excluded to avoid interfer-
nce with specific interactions. (ii) Dioxane was excluded due
o it’s general abnormal behaviour in solvent plot representa-
ions probably based either on conformation polarization from
he non-polar chair- to the dipolar boat-form or solute–dipole–
olvent quadrupole interactions [41]. (iii) Aromatics were ex-
luded for their strong deviation from linearity to exceptionally
ower wavenumbers, implying a certain stabilization mechanism
etween them and DCTMPPD.

With the remaining data the excited state solute dipole mo-
ent, µe can be estimated. The necessary ground state dipole
oment, µg, was calculated to be 5.3 D, using the RHF method
ith a 6-31G* basis set. Experimental estimations of the ground

tate dipole moment, applying the Debye equation [42] gave a
alue of the same order of magnitude as the theoretically ob-
ained one, however a more detailed study was prohibited due
o the limited solubility of the investigated compound. For the
etermination of the excited state dipole moment the calculated
alue for µg was used. The solute radius, r, was evaluated to be
.1 Å from an elliptical subscription to the geometry optimized
tructure minimizing the ellipsoid’s superficies. The solvent plot
nalysis results obtained using the four different models are re-

umed in Table 3. For a representative plot of the data using the
iptay model confer to Fig. 10. It can be concluded that the so-

ute dipole–solvent dipole interaction (Lippert-Mataga model)

4 ᾱ was calculated according to ᾱ = α
µ/| 
µ|, where α is the polarizability
ensor and 
µ is the ground state dipole moment vector from RHF calculations.

5 D ∼ 0 for benzene-like molecules [36].

F
t
2

Lippert spherical 21.0 11.1 0.966
Lippert elliptic 21.1 12.5 0.962
Liptay 20.9 11.4 0.967

s the main factor in determining DCTMPPDs excited state sol-
atochromism. Neither the introduction of the solvent polariz-
bility (Lippert models) nor the additional inclusion of the solute
olarizability (Liptay model) improve the results.

.6. Acid–base properties in the aqueous phase

.6.1. Ground state pKa
ig. 11. Absorption spectra of DCTMPPD in NaH2PO4/citric acid-buffer solu-
ions in the range of 1.5 <pH< 6.5 showing clearly the four isosbestic points at
79, 303, 342 and 409 nm, respectively.
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Fig. 12. Representation of absorption titration data at 382 nm according to Eq.
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The relative intensities are then represented against the corre-
sponding acidity function (pH or H0) yielding two sigmoid-like
curves whose points of inflection, situated at pH 1.8 is a measure
for the dissociation constant in the excited state, pK∗a (Fig. 14).
17). The inlet shows the double-reciprocal linear Benesi-Hildebrandt type rep-
esentation.

Analysis of the simple reaction scheme:

CTMPPD+ H3O+
kp
�
kdp

DCTMPPDH+ + H2O

nables one to obtain the familiar equation [43,44]:

− A0 ∼ (εDH+ − εD)
Kc[H+]

1+Kc[H+]
(17)

here Kc = [HD+]/([H+][D]) = 1/Ka and A and A0 are the
bsorptions at a given proton concentration, [H+], and of the
otally unprotonated form, respectively. The pKa values were
xtracted performing either (i) a double reciprocal Benesi-
ildebrand analysis (inlet Fig. 12) or (ii) a hyperbolic fitting
f the above equation to the experimental data at various wave-
engths. The latter, preferably used [44], method is represented
or one wavelength in Fig. 12. For both analysis methods the
ame ground state acidity constant of the protonated form,
Ka = 2.5, was found.

.6.2. Excited state pK∗a
The excited state protonation equilibrium constant was de-

ermined by two different methods, namely (i) by applying the
örster cycle [45,46] and (ii) from steady-state fluorescence

itrations [47].

.6.2.1. Förster cycle. The determination of pK∗a using the
örster cycle is obtained by applying [40,48],

K∗a = pKa − ν̃00 − ν̃′00

RT ln 10
− �Ssolv

R ln 10
(18)

here ν̃00 and ν̃′00 denote the 0–0 transition energies obtained
rom the average of the absorption and fluorescence centers
f gravity of protonated and unprotonated form, respectively.
Ssolv is the change in entropy of solvation due to the change
f the solute’s dipole moment on excitation:

Ssolv = 3

r3(2ε+ 1)2(1− 2αf (ε)/r3)2

dε

dT
(µ2

e − µ2
g), (19) F

f

Fig. 13. Fluorescence spectra of DCTMPPD at different pH (H0).

here ε is the dielectric constant, r the mean solute radius and
(ε) is defined as in Eq. (13). The obtained pK∗a value amounts

o 0.3± 0.5.

.6.2.2. Steady-state fluorescence titration. Less problems are
ncountered when performing steady-state fluorescence titra-
ions in the case of molecules where both forms, protonated and
nprotonated, fluoresce. The fluorescence spectra, obtained by
xcitation in the energetically lowest lying isosbestic point (at
09 nm), were corrected for different absorption (including the
andpass of the apparatus) and refractive indices of the corre-
ponding samples

corr = �expn
2

1− 10−A
. (20)

Decomposition of the fluorescence spectra into protonated
nd deprotonated forms, via multilinear regression, yields the
elative quantum yields, �/�0 and �′/�′0, of unprotonated
nd protonated forms, respectively. The corrected experimen-
al data are depicted in Fig. 13 showing an isoemissive point
t 478 nm.
ig. 14. Relative fluorescence intensities of protonated (©) and deprotonated
orms (
), respectively, against the corresponding pH and H0 values.



2 and

F
t
s

d
u
t
t
r
s
b
l
w
t
t
c

4

q
s
n
s
s
A
b
e
S
e
t
a
l
p
i
c
s
i

b
p
c
d
o
s
a
3
[
t
y
i
l
R
R
c
d

w
D
a

h
o
o
a
t
e
i
p
a
r
q
c
f
(
s
t
s
t
l

h
t
o
o
p

A

I
W
s
p
a
J
t
p
c
a
a

R

34 A. Rosspeintner et al. / Journal of Photochemistry

or an easier extraction of pK∗a the log(�/�′) is plotted against
he pH/H0 scale (not shown) and the intersection with the ab-
cissa yields pK∗a [49].

The unsymmetric behaviour of the titration curve might be
ue to (i) the change from the pH to the H0 scale, whose val-
es were obtained from literature [50], (ii) due to the fact that
he ionic strength was not held constant over the entire titra-
ion range, or (iii) due to the fact that the excited state equilib-
ium is not fully established during the lifetime of both excited
tate species. Especially the protonation reaction of the excited
ase seems to be too slow to completely evolve during the short
ifetime of the protonated form (4 ns). The observed excitation
avelength dependence of the relative fluorescence contribu-

ions of protonated and unprotonated species indicates the non-
riviality of the excited state proton transfer “equilibrium”, the
larification of which will be the topic of further investigations.

. Concluding remarks

DCTMPPD has been shown to display a high fluorescence
uantum yield (ranging from 0.37 to 0.58) in a great variety of
olvents, with the fluorescence lifetime ranging from 12.2 to 22.9
s increasing with solvent polarity. The lowest singlet excited
tate has a dipole moment of about 6 D larger than the ground
tate one, therefore showing quite remarkable solvatochromism.
nyhow, the anisotropy measurements, the mirror symmetry
etween absorption and emission and the coincidence between
xperimental radiative lifetimes and those calculated using the
trickler-Berg approximation, suggest that the geometry of the
mitting state is quite similar to that of the ground state and
hat the absorption and emission transition dipole moments are
lmost parallel. The sensitivity to the solvent acidity (α) is quite
ow (a ∼ s/3). In water solutions both excited and ground state
Ka are close to 2, though due to slow rates in the excited state
t is difficult to quantitatively define the pK∗a . The intersystem
rossing quantum yield to the excited triplet subsystem is so
mall that even in frozen solutions the phosphorescence signal
s extremely low.

As compared to other related compounds the first apprecia-
le difference is the high fluorescence quantum yield: no other
-phenylenediamine reaches values higher than 0.2 [51]. It is
lear that electron donating groups combined with the with-
rawing cyano moieties favour a lower excited singlet state
f appropriate symmetry with a high radiative decay rate con-
tant. From another point of view, DCTMPPD does not show
ny detectable dual fluorescence. In that way it behaves as
,5-dicyano-aminobenzene (35DCAB), what is quite reasonable
53]. As DCTMPPD, 35DCAB displays a long fluorescence life-
ime [53], but to the best of the authors’ knowledge no quantum
ield has been published. Another molecule to compare with
s the m-cyano-N,N-dimethylaniline (3DMABN), but the pub-
ished data of this molecule are somehow contradictory, since

ef. [52] gives a lifetime of 23.2 ns in acetonitrile at 25 ◦C while
ef. [54] gives 10.7 ns and a quantum yield of 0.28 in similar
onditions. The authors did not find any data concerning 2,6-
icyano-aniline, or its N-methyl substituted cousin, a molecule
Photobiology A: Chemistry 183 (2006) 225–235

hich would have been quite interesting to be compared with
CTMPPD. Mono cyano substituted p-phenylenediamines are

lso absent from the photochemistry literature.
The comparison with 35DCAB and 3DMABN [53,54] may

elp in the understanding of the photophysical characteristics
f DCTMPPD. It is generally accepted that the 1La and 1Lb
rbitals of the mono-substituted benzenes become mixed when
group like CN is placed in the meta position with respect to

he amino moiety. This induces an increase in the polarity of the
xcited state and a related noticeable sensitivity to solvent polar-
ty as is the case for DCTMPPD. Furthermore, this stabilization
recludes the system from undergoing an adiabatical charge sep-
ration. Additionally, this would explain how the non-radiative
ate constant decreases when solvent polarity increases: both,
uantum yield and fluorescence lifetime, increase in going from
yclohexane to acetonitrile, following the 0–0 energy gap. In
act, the effect seems to saturate in solvents of medium polarity
cf. Table 1) although this observation is possibly masked by
ome other specific interactions. Though there are competitive
heories trying to explain the properties of the cited molecules, it
eems clear that the lower excited state is stabilized with respect
o the higher one. Again, this would explain how the yields and
ifetimes increase with polarity as both states separate further.

To conclude, we have here presented many data on a
ighly fluorescent p-phenylenediamine showing its sensitivity
o the solvent properties. The results are coherent with previ-
us findings from other groups [53,54]. Further experiments
n the photochemistry of this and other cyano-substituted p-
henylenediamines will be soon published.
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