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Abstract

The paper presents results of the spectral (absorption and emission) and photophysical study of 4-aminophthalimide (4-AP) in 1-chloro-n-alkanes
(RCI) with which 4-AP interacts only nonspecifically, in hexafluoroisopropanol (HFIP) and dimethyl sulfoxide (DMSO) in which 4-AP forms only
one type of hydrogen bond, and in water and deuterated water in which 4-AP forms both accepting and donating hydrogen bonds. Based on our
solvatochromic data and independent literature data used for the determination of the energy of hydrogen bonds in the Sy state, the energies of
hydrogen bonds in the S;-LE and S;-ICT states of 4-AP were estimated. The results confirmed that, apart from 4-AP, there can be S;-exciplexes
(S;-exc) formed as a result of strong hydrogen-bond formation between 4-AP molecules in the S;-ICT state and the solvent molecules. In strongly
protic solvents (e.g. HFIP) there can also be Sy-complexes (Sp-comp) in the ground state. The existence of solvent-dependent species of different
character in the excited state forms the basis for explaining the origin of the large effects of protic solvents on the emission spectra, quantum yield

of fluorescence, and fluorescence lifetime of 4-AP.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The presence of an electron donor group (e.g. amino, mono
or di alkyl amino, methoxy) and an electron acceptor moiety
(e.g. nitrile, nitro, carbonyl), especially if they are positioned
along the same axis of the molecule, means that the electronic
excitation of this molecule significantly changes the electron
density distribution. This implies a significant change in the
dipole moment (u), as has been shown for a number of such
molecules [1-8]. It is, however, most often disregarded that a
change in the molecular electron density distribution leads to a
significant change in the energy of the hydrogen bonds formed
by it with the molecules in the direct neighbourhood of the
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donor group (D) and/or acceptor group (A) of this molecule.
The probe molecule containing D and A groups forms hydrogen
bonds with molecules of homogenous solvents or more com-
plex systems e.g. microorganised ones, on condition that the
solvent molecules are protic or contain a sufficiently electroneg-
ative heteroatom with a lone electron pair. Solvents with such
properties are used in solvatochromic studies of all types, both
steady-state and time-resolved, in order to get reasonably large
shifts in probe’s absorption and/or emission maxima. Alcohols
and water are two of the commonly used solvents that form
both types of hydrogen bonds of relatively high energy. Water
is also frequently used as a solvent in studies of microorganised
systems, e.g. micelles and cyclodextrines. In such systems the
fundamental condition for a correct description of the properties
of the probe in the microorganised systems is an accurate deter-
mination of the contribution of the probe—solvent non-specific
and specific interactions (most often hydrogen bonds). It is
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necessary to have a picture of these interactions both, before
and after the probe excitation. This information is most easily
obtained from the experimentally observed spectral shifts in the
probe’s absorption and emission spectra. This shift depends on
the energy of both types of probe—solvent interactions for the
probe in its two electronic states involved in the transition under
observation. Thus, it is very difficult to conclude on the basis
of solvatochromic measurements alone whether the energy of
the hydrogen bonds between the probe molecule and the sol-
vent molecules is large enough for a complex to be formed
between them. Moreover, solvatochromic results are usually pre-
sented as dependencies of the absorption spectral maxima (V255 )
and emission spectral maxima (v5y,) on the solvent polarity
expressed in one of the empirical polarity scales. However, the
probe molecules, used for the establishment of these polarity
scales, were involved with the solvents both in non-specific and
also specific interactions. This means that the molecule under
study often has spectral and photophysical properties that are too
different from these of the reference compound for the empirical
polarity scales to be useful [1-4,6—12]. In practice, this prevents
a direct solvatochromic determination of the energies of both
non-specific and specific probe—solvent interactions and a sep-
aration of their contributions. Therefore, it is also impossible to
establish reliably which species, apart from the unexcited and
excited probe are present in the system studied. In particular,
it is vital to determine whether there are exciplexes in the S|
state (S1-exc) and/or ground state complexes (So-comp). Hence,
quantitative conclusions cannot be made about on the changes
in the concentrations of the unexcited and excited probe as a
result of excitation or deactivation.

It has most often been assumed that the spectral and photo-
physical properties of the probes studied depend on the bulk
polarity of their environments. However many authors have
shown that probe molecules with D and A groups used in sol-
vation studies often form hydrogen bonds with a number of dif-
ferent, especially protic, solvents. These phenomena have been
studied, in particular, for some coumarines and their derivatives
[13-28] and, in addition, for other compounds with D and/or A
groups [15,16,29-52]. Excited-state hydrogen bond formation
is more often an increase in the energy of hydrogen bonds (Eng)
already present in the ground state of the probe as a result of the
probe excitation. Apart from the emission and absorption spec-
tra, excited-state hydrogen-bond formation is manifested first in
the kinetics of the probe’s emission decay and in changes in the
probe’s infrared and Raman spectra [18-21,27,36,44,53-57].
An analysis of the shape and position of the time resolved
emission spectra of 4-aminophthalimide (4-AP) dissolved in
sodium dodecyl sulfate micelles (SDS) was made in our lab-
oratory [58,59]. The results showed that in addition to the 4-AP
molecules, the micellar systems also contained S;-exc which
was formed between the 4-AP molecules and the surfactant
or water molecules. The excitation of 4-AP leads to a signif-
icant increase in the energy of the hydrogen bonds made by
the probe with the water molecules solubilized in the micelles.
This leads to changes in the concentration equilibrium between
the uncomplexed and complexed 4-AP molecules. Although
the microorganised systems, including micelles, have complex
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Fig. 1. The structure of the 4-AP molecule with the strongest hydrogen bonds
formed in HFIP, H,O and DMSO, whose energies change on excitation and
deactivation of the 4-AP molecule.

properties, we have shown that in SDS micelles [58,59] it is
possible to estimate the time in which the above equilibrium
changes as well as to study the solvation dynamics resulting
from non-specific interactions.

The 4-AP molecule is often used as a probe in mono- and
bicomponent solvents [60], in micellar systems [61-65] and
other microorganised systems [66,67], in polymers, ionic solu-
tion, supercritial fluids, nanomaterials and biological systems
[62,68-73]. It includes several chromophores with donor or
acceptor properties capable of forming hydrogen bonds (see
Fig. 1). A result of 4-AP excitation is a redistribution of charge,
particularly large in the internal charge transfer state (S;-ICT).
As a consequence of this charge redistribution there is a signifi-
cant change in the energy of the hydrogen bonds that are already
present in the ground state [15,17,24,27,29,58,74,75]. Because
all of these factors potentially come into play, they make it very
difficult to understand (and interpret) the properties of 4-AP in
its excited states. Strong dependencies of the vn, , fluorescence
quantum yield (¢F), and the lifetime (7g) of the 4-AP on the
properties of its surroundings are reasons why this molecule has
been used so often as a probe. Despite the large body of data
collected from many studies [15,60,63,73—88], there are still
many controversies as to the interpretation and origin of 4-AP’s
photophysical behaviour as influenced by the properties of its
surrounding media.

Many authors assume that the large bathochromic shift of
VEM in polar solvents, which is much greater than V3%, , is aresult
of a large increase in the dipole moment of the 4-AP molecule
after its excitation [4,63,88,89]. However, this interpreta-
tion seems unlikely on comparing the solvatochromic results
obtained for 4-AP and 4-(dicyano-methylene)-2-methyl-6-(p-
dimethylamino)styryl-4H pyran (DCM). The dipole moment of
the DCM molecule in its ground state is us, = 6.2 D, while inits
excited state pus, = 26 D [90]. The bathochromic solvent spec-
tral shift (AvSy, ) of the DCM emission spectral maximum on
replacing a nonpolar solvent by the strongly polar acetonitrile
(ACN) is ~1400 cm~! [91]. In contrast, for 4-AP, whose Hs, =
3.0-4.0D and pus, = 6.0-9.0D [1,15,79,88,92], the replace-
ment of a nonpolar solvent by H,O gives Av® > 5000 cm ™!

(see below). H>O is characterised by the Lippert—-Mataga polar-
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ity function (f(e, n%)) value similar to that of ACN (for definition
of fle, n?) see Refs. [1=3]) As has been shown by Ware et al.
[74], Barbara et al. [85], Samanta et al. [65,67,79,80] and Ara-
mendia et al. [75] the bathochromic shift is determined mainly
by the protic properties of the solvent. These protic properties
determine the energy of the hydrogen bonds formed between
the solvent and the carbonyl groups of 4-AP in its S1-ICT state.
To a smaller degree f(e, n?) affects the energy of the solvent
non-specific interactions with the probe, which also leads to
a bathochromic shift. Recently, Bhattacharyya et al. [93] have
shown that the v of 4-AP in a dioxane-water mixture depends
more strongly on the Kamlet-Taft hydrogen-bond parameter o
[94-98], than on the Kamlet—Taft 7 parameter [95-100] which
describes the proportion of specific and non-specific interac-
tions in the system under study. In contrast to refs [74,75,85],
the above authors have assumed that the amino and imino pro-
tons of 4-AP form stronger hydrogen bonds in its excited state
than in its ground state. This leads to the large bathochromic
ver shift.

In the papers of Ware et al. [74] and Aramendia et al. [75]
the significant decrease in ¢r and the shortening of tr observed
for 4-AP in protic solvents was assigned to the formation of
Si-exc. The formation of this species was seen as the result of
hydrogen bond formation between the carbonyl group of 4-AP
in the S{-ICT state and an H—O bond of the solvent molecule.
According to Aramendia et al. [75] and Chapman and Maron-
celli [70] the decay of 4-AP in neat protic solvents involves the
participation of a few solvent molecules and leads to the forma-
tion of ensembles of excited complexes with different numbers
of protic solvent molecules. Similarly, Yuan and Brown [81]
attributed the observed decrease in the ¢ and tp of two 4-
aminonaphthalimides derivatives in aqueous ethanol (relative to
ethanol), to the quenching by the water molecules. The model
involving quenching by multiple species was also evolved [101].
According to this model, these authors assumed that the quench-
ing process must involve 7-8 molecules of H,O and 18-20
molecules of D,0.

Harju et al. [86,87] and Bhattacharyya et al. [77] suggested
that the remarkable sensitivity of 4-AP’s photophysical proper-
ties to protic solvents originates from the fact that in these sol-
vents 4-AP undergoes ultrafast solvent-mediated proton trans-
fer. The emission, then, originates from the proton-transferred
species. The abrupt decrease in the ¢r and tg of 4-AP in protic
solvents was attributed by these authors to the reduction in the
S1-Sp energy gap in the proton-transferred species. A signifi-
cant increase in ¢r and tf in D, O relative to HyO was ascribed
by Bhattacharyya et al. [77] to a decrease in the nonradiative
S1 — So internal conversion rate in 4-AP upon deuteration of
the imino proton. However, it should be noted that for 4-AP
derivatives in which the hydrogen atom of the imino group has
been replaced by n-alkyl group, their emission properties remain
as sensitive to protic solvents as those of 4-AP [80]. The substi-
tuted n-alkyl group excludes the formation of proton-transferred
species and the participation of the above process in deactiva-
tion. Taking into account these results, Bhattacharyya in his later
work assumed that in 4-AP derivatives with n-alkyl groups the
proton transfer occurred between the amino group and the car-
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Fig. 2. (a) Normalized absorption, I, (solid lines) and fluorescence excita-
tion spectra (dashed lines) of 4-AP in selected solvents: (1) 1-chloropropane
(Aem =500nm), (2) ACN, (3) HFIP (A¢m =556nm), (4) DMSO, (5) H;O.
(b) Normalized fluorescence spectra of 4-AP in selected solvents: (1) 1-
chloropropane, (2) ACN, (3) DMSO, (4) HFIP, (5) H,O.

bonyl group of 4-AP with the participation of two molecules of
water used as a solvent [12]. Valeur [3] assumed that the decrease
in ¢ of 4-AP in protic solvents is the result of an increase in the
rate constant of the intersystem crossing due to hydrogen bond
formation with the solvent molecule.

Based on results of the ¢r in benzene, in the presence and
absence of ethanol (Ref. [16], see Figs. 2 and 3), Inoue et al.
have concluded that no 4-AP fluorescence quenching takes place
as a result of hydrogen bond formation with this solvent. This
is in spite of the normally effective interaction of 4-AP with
ethanol. If such a quenching via hydrogen bonding takes place,
it occurs at such a low rate constant (0.24 x 10° M~ ! s™1) that
it effectively does not participate in the deactivation of 4-AP
in the S;-ICT state. It should be noted that the rate constant
of 4-AP quenching in Ref. [16] has been determined from the
steady-state measurements, assuming that the emission comes
exclusively from 4-AP in the S1-ICT state. The emission spec-
tra presented by Inoue et al. [16] reveal significant changes in
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Fig. 3. The solvatochromic plot of v (circle) and 1S™, (triangle) as a function

of Af=((e — 1/Q2e+1))— (7% = 1D/(2n% + 1)) of 4-AP in selected solvents: (1)
1-chlorodecane, (2) 1-chlorohexane, (3) 1-chlorobutane, (4) 1-chloropropane,
(5) diethyl ether, (6) ethyl acetate, (7) THF, (8) octanenitrile, (9) DMSO, (10)
ACN, (11) HFIP, (12) H,0, (13) D,0.

vem and a broadening of the emission spectra with increasing

concentrations of ethanol. This indicates the presence of more
than one emitting species. These authors have also found that
the fluorescence decay of 4-AP in protic solvents depends on
the emission wavelength and could be fitted by double exponen-
tial functions. These data independently support the notion that
there are two emitting species present. Hence, these results show
that the rate constant of 4-AP quenching by ethanol, obtained
by Inoue et al. [16] from the steady-state emissions, should be
carefully interpreted.

Interesting results on 4-AP and 4-amino-N-methylphthali-
mide (NM-4-AP), were reported by Topp et al. [102,103] who
studied the properties of these molecules and their van der Waals
complexes with acetonitrile and hydrogen-bonded molecules
(e.g. water) under jet-cooled conditions. They showed that
hydrogen-bonded interactions greatly stabilize the excited states
of 4-AP and NM-4-AP. Of particular interest is that a clus-
ter of only a few water molecules exhibits almost all of the
red shift observed between the isolated molecule and the con-
densed phase. However, the red shift observed for the clusters
of two conformers of 4-AP with single water molecules under
jet-cooled conditions is significantly smaller than that in the cor-
responding acetonitrile cluster. This interesting result could not
be predicted from the known condensed-phase behaviour where
water gives much larger red shifts than do acetonitrile and other
aprotic solvents. Therefore, it is not possible to use directly the
results obtained for 4-AP under jet-cooled conditions for the
interpretation of solvatochromic and photophysical properties
of 4-AP in solution.

The above differences in interpretations of the results
suggest that the large effect of the surroundings on the v ,
¢r, and tr of the 4-AP molecule is not yet fully explained. In
summary the literature gives three main reasons for the effect:
(i) an increase in pug, relative to ws, (considering only vin,
[4,63,88,89], (ii) formation of much stronger hydrogen bonds
in the S1-ICT than in the S¢ state [3,9,74,79] and (iii) formation
of an emitting enol form of 4-AP [77,87] as the result of a
proton transfer from the imino or amino groups to the carbonyl

group of 4-AP with the involvement of one or two protic solvent
molecules.

On studying the emission of 4-AP in micellar systems
[58,59], we assumed that the second reason (ii) was mainly
responsible for the strong effect of the surroundings on the 4-AP
emission. This assumption was made on the basis of the above-
mentioned literature and on our own studies. This hypothesis
lead to the most reliable and reasonable interpretation of the
results in micellar systems. Since the properties of microorgan-
ised systems are very complicated, this assumption had to be
verified for 4-AP in simple surroundings (monocomponent sol-
vent). Hence the main objective of the current paper is to find
the reason for the strong dependence of Vi, ¢r and tF for the
4-AP molecule on the properties of the solvent. We show and
discuss the results of solvatochromic and photophysical mea-
surements on the 4-AP molecule interacting with a few selected
solvents, from non-specific (1-chloro-n-alkanes, RCl) to specific
(hexafluoroisopropanol, HFIP and dimethyl sulfoxide, DMSO).
Based on our measurements and independent data, we estimated
the energy of hydrogen bonds formed by this solute in the locally
excited singlet state (S1-LE) and in the S -ICT state with specif-
ically interacting solvents. We also propose a scheme for the
deactivation of the excited 4-AP molecule in solvents with dif-
fering properties. All these data lead to an interpretation of the
complex dependencies of vin . ¢, and Tp on the properties
of the surrounding media of the 4-AP molecule. In addition,
because of similar behaviour seen in other probe molecules con-
taining electron donor and electron acceptor groups, the results
presented in our article and their interpretation can be applied
to investigations of other probe molecules in homogeneous and
micro-heterogeneous systems.

2. Experimental
2.1. Materials

4-AP (Aldrich) was purified by recrystallization from
methanol. 1-Chloropropane (99%) (Aldrich), 1-chlorohexane
(99%) (Aldrich), 1-chlorodecane (98%) (Aldrich), 1-
chlorohexadecane (98%) (Fluka) were additionally dried
over molecular sieve (A3). 1-Chlorobutane 99.5% (anhydrous)
(Aldrich) was used as received, or when necessary, it was addi-
tionally dehydrated. DMSO anhydrous (Aldrich), DMSO-dg
(Aldrich), HFIP for spectroscopy (Fluka), ACN anhydrous
(Aldrich), tetrahydrofurane (THF) for fluorescence (Merck),
diethyl ether for fluorescence (Merck), ethyl acetate for fluores-
cence (Merck), octanenitrile (97%) (Aldrich), DO (Aldrich)
were used as received. HyO was distilled and deionised. When
necessary the samples were deoxygenated by bubbling dried
oxygen-free helium through them for at least 5 min.

2.2. Experimental setup

Absorption spectra were measured on a Jasco V-550 spec-
trometer. Steady-state emission measurements were made on
a modernized MPF-3 spectrofluorimeter with a single photon
counting system [104]. An argon ion-pumped, tunable, mode-
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locked Ti:sapphire laser was also used as an excitation source
for the steady-state fluorescence measurements. The picosec-
ond laser system and time-correlated single-photon counting
(TCSPC) detection systems used to measure fluorescence life-
times with picosecond precision have been previously described
in detail [105-107].

3. Results and discussion
3.1. The solvatochromic studies

The choice of solvents for the solvatochromic study should
allow for an accurate and separate determination of non-specific
and specific interactions in the experimentally observed solvent
spectral shifts of v3% and v¥™ . The main criterion was whether
the solvent interacts exclusively via non-specific interactions
with the solute or whether it forms in addition hydrogen bonds
with the solute.

In our opinion, the best solvents, that interact only non-
specifically with 4-AP, are the 1-chloro-n-alkanes (RCI). They
do not form hydrogen bonds as their Kamlet—Taft hydrogen-
bond donating and accepting abilities are «=0 and =0
[95-97]. They do not have m-electrons, they do not have a
charge-transfer character; and their higher-order interactions
— in particular the quadrupole ones — can be neglected [108].
Moreover, the same structure of the solvent molecules, with the
chlorine atom always at the same position attached to the n-
alkane chain of different lengths, should ensure that the Onsager
model [1-4] of non-specific solute—solvents interactions should
be valid [109-111]. Although the range of f(e, n”) values for
RCI used (from 0.11 for 1-chlorohexadecane to 0.23 for 1-
chloropropane) is not very wide, it should be enough to extrap-
olate the dependencies of V3% and vS™ on f{e, n?). It should be
emphasised that the RCI have not been hitherto used in solva-
tochromic studies, except for a few cases when 1-chlorobutane
was used in the study along with many other solvents.

The second group of solvents are those that specifically inter-
act with 4-AP. In order to study the properties and energy of
each type of hydrogen bond made by the 4-AP molecule (see
Fig. 1) separately and to possibly form other species, it was
necessary to use solvents capable of forming hydrogen bonds of
one of type exclusively. The hydrogen bonds formed by the N-H
bonds of the 4-AP molecule with electronegative heteroatoms
of the solvent molecules have been studied in dimethylsul-
foxide (DMSO), characterised by 8=0.76, and o =0 [95-97].
Determination of the change in the energy (A Eyp) of the hydro-
gen bonds, involving exclusively the oxygen atom and/or the
carbonyl groups of 4-AP, required the use of solvents char-
acterised by o >0 and 8=0. This condition is satisfied for
HFIP whose o =1.96 and 8 =0 or TFE whose «=1.51 and 8=0
[95-97]. The polyfluorinated alcohols appear to be an interest-
ing group of solvents exhibiting properties distinct from those
of other hydrogen-bonding protic solvents [112—122] and refer-
ences therein. This is a consequence of the electron-withdrawing
ability of the CFs group, which decreases the basicity and
nucleophilicity of the oxygen atom but increases the acidity of
the hydrogen atom of the hydroxyl group. The independently

determined parameter SB was used to evaluate the suitabil-
ity of TFE versus HFIP for these studies. SB is a measure of
the solvent basicity (similar to 8). It is much higher for TFE
(SB=0.107) than for HFIP (SB =0.014)! [124]. Thus, to make
sure that no hydrogen bonds will be formed between the sol-
vent and the amino group of 4-AP, HFIP was chosen for the
study. This solvent forms strong hydrogen bonds through its
O—H bond as directly determined by the experimental and cal-
culated values of Eyg [113-116,121,122,125] and as also seem
in the results of absorption and emission solvatochromic mea-
surements [41,51,113,126,127]. HFIP and DMSO are capable
of forming hydrogen bonds of only one type, and they do not
associate,? i.e. they do not form dimers or higher mers, in
contrast to the majority of hydrogen-bond forming solvents.
The molecules of HFIP and DMSO have approximately spher-
ical shape and similar size (rgprp=0.55 A, rpmso=0.51 A)
[97]. Their sizes are also similar to the molecules of the RCI
used (1-chloropropane and 1-chlorobutane). Therefore, it could
be assumed that Onsager’s reaction-field model satisfactorily
describes the non-specific interactions of 4-AP with HFIP and
DMSO.

Absorption spectra, fluorescence excitation spectra, and
emission spectra of 4-AP in selected solvents are presented in
Fig. 2. These spectra show that there is a much larger solvent
effect for 1™ (Fig. 2b) than for v2% (Fig. 2a). This is con-
sistent with earlier results [66,77,79,89]. Table 1 gives the most
important spectral results for 4-AP in selected solvents with rele-
vant solvent properties also presented. There were no detectable
changes in absorption or emission spectra within the range of
4-AP concentrations used (107 to 1074 M).

3.1.1. The effect of non-specific interactions on the spectral
shift

Since even small amounts of water in 4-AP solutions of RCl1
and other aprotic solvents affected V3% and, in particular, VS ,
it was necessary to dry the solvents used (see e.g. Ref. [128]).
Dehydrations were carried out until no changes (within exper-
imental error) in the positions of the maxima of the longest
wavelength bands in the absorption or fluorescence-excitation
spectra and the emission spectra were observed. This corre-
sponded to a water concentration in RCI lower than 1072 M.

Solvatochromic measurements on 4-AP were performed
in five different RCI solvents. In 1-chloropropane and 1-
chlorobutane in which the solubility of 4-AP was relatively
high, good quality absorption spectra were measured. Their
shape was the same as that of fluorescence excitation spec-

! Itis also confirmed by the results of [ 123], showing that TFE is more effective
in solvating cations than HFIP.

2 The lack of associates formation is evidenced by a significantly lower vis-
cosity of HFIP (n=1.58 cP) than that of 2-propanol (n=2.04cP) in spite of
much greater size of the HFIP molecule. For comparison: the viscosity of per-
fluoroalkanes is 2.3-2.4 times greater than that of alkanes because of the greater
size of the molecules of the former. Analogously, the lack of associates forma-
tion by DMSO (17=1,99 cP) is evidenced by an over 5 times lower viscosity
than that of CH3SO3H (n=10.5 cP), which forms hydrogen bonds among their
molecules, while the size of the molecules of both compounds is similar.



E. Krystkowiak et al. / Journal of Photochemistry and Photobiology A: Chemistry 184 (2006) 250-264 255

Table 1

Spectral properties of 4-AP in anhydrous solvents of different properties, in H,O and in DO

Solvent va% (em™1) vem (em™1) Avbs=em (em~1) fle, n?) &t n* at B
C3H;Cl 28680° 23310 5370 0.226 8.588 1.388 0 0
DMSO¢ 26770 20920 5850 0.264 46.45 1.477 0 0.76
HFIP 277809 18150 9630 0.308 16.62 1.277 1.96 0.00
H,O 27100 17830 9270 0.320 78.0 1.333 1.17 0.47
D,0O 27150 17690 9460 0.320 78.06 1.328

n is the refraction coefficient and ¢ is the dielectric constant.

2 From Ref. [97].

b pabs were determined also from fluorescence excitation spectra.

¢ The same V2% and 1S, values were obtained in DMSO-ds.
d abs

Vi were determined only from fluorescence excitation spectra.

tra (after conversion into the total intensity of absorbed light,
I,). The positions of the maxima of these two bands were also
the same (Table 1 and Fig. 2a). In all RCI solvents used, the
shapes of the fluorescence-excitation spectra of 4-AP were the
same. The signal-to-noise ratio of absorption spectra of 4-AP
in 1-chlorohexane, 1-chlorodecane, and 1-chlorohexadecane?
were because of the low solubility of 4-AP in these RCI. There-
fore, the values of V3% (Fig. 3) of 4-AP in 1-chlorohexane and
1-chlorodecane were determined from the more accurate mea-
surements of the fluorescence-excitation spectra.

The same shape of the 4-AP emission spectra was observed
in all the RCI solvents used (see Footnote 3). This means
that in each solvent the transition in the 4-AP molecule
occurred between the same electronic states. The polarities of
1-chlorobutane and 1-chloropropane are relatively high with f{e,
n?) equal to 0.209 and 0.226, respectively. Based on previous
results [26,74,87,93,129] it is reasonable to assume that the emit-
ting state is only the S;-ICT state, at least for fie, n?)>0.14.
In RCI solvents, there is a very small effect of fle, n*) on

abs

Vi as shown by the small change in absorption energy of

AV = 470cm™! when f changes by Afle, n?)=0.30 (see
Fig. 3). Therefore, it can be assumed that the energy of the
non-specific interactions of 4-AP with the RCl solvents is only
slightly larger in its absorbing S1-LE state than in its ground
state. This means that as a result of the So — S{-LE transition,
the value of the dipole moment of 4-AP is not much larger than
its value in the ground state, i.e. us, = 3.0-4.0D [1,15,88].
This result is in full agreement with the very small (nearly
1 D) increase in the dipole moment of NM-4-AP determined
from the integrated electrooptical emission measurements, by
Nemkovich et al. [26] in cyclohexane. From this it can be sur-
mised that in a nonpolar solvent, the emission of NM-4-AP from
its S1-LE state will be different than in more polar solvents where
the probe molecule emits from its S;-ICT state [26].

The solvatochromic plot of the 4-AP emission data in RCl
(see Fig. 3) shows that the non-specific interactions in the S;-
ICT state of 4-AP are significantly stronger than in the absorbing
S1-LE state. This is shown by the significantly larger effect of

fle, n*) on V&M than on V2% . AVEM s equal to 1310cm™!

3 The slight dependence of v position on Aexc observed for emission spectra

of 4-AP in 1-chlorohexadecane prevented the use of this RCI in quantitative
solvatochromic measurements.

for Af(e, n*)=0.30 compared to 470 cm™! for absorption. The
absorption measurements of 4-AP and, in particular, the study
of solvent effects on V3% involve the transition from the relaxed
ground state to the locally excited Franck—Condon state, S{)el —
STC-LE. In contrast emission measurements and the study of
solvent effects on vy, involve the transition from the relaxed
excited state to the Franck—Condon ground state, Srlel-ICT —
SEC. As shown from fluorescence polarisation measurements
[130] on the fairly rigid molecules of aminophthalimides, the
absorption and emission transition moments are parallel, and it
can be assumed that there is no essential difference between
the directions of the dipole moments in the Franck—Condon
(MEC) and the relaxed (M;el) 4-AP excited state. Taking this into
account, Nemkovich et al. [26] have shown that the values of
nEC and p! in the S;-ICT states of NM-4-AP and 3-AP are
almost equal (see Table 2), so also the distribution of electron
density in these states is very similar. By extrapolation it can
be assumed that the situation is similar for the S¢ state of 4-AP.
Thus, when determining the dipole moment of 4-AP in its S;-
ICT state (us,-1ct), the differences between the Frank-Condon
and the relaxed states of 4-AP can be neglected. This will be
important in the discussion of the solvatochromic and photo-
physical results of 4-AP. The solvatochromic measurements of
4-AP emission in RCI permit determination of us,.jct. Based
on the results reported by Nemkovich et al. [26], we can assume
that the cavity radii are the same and the vectors are collinear
in the Sg, S1-LE, and S;-ICT states [130]. Taking into account
that us, = 3.0-4.0 D* of 4-AP and that in RCI the effect of f(e,
n?) on vEM s 2.8 times greater than on v | it can be assumed
that s, jcr = 8.4-11.2D.3

A large Stokes shift is observed for the approximately rigid
4-AP molecules in RCI (Av32*m = 5100 cm~!, Table 1 and
Fig. 4). This confirms that the transition observed in the absorp-
tion spectra ends in the S;-LE state and that the transition in
emission spectra starts from the S1-ICT state.

The non-specific solvent interactions with the excited states

of 4-AP are not strong enough to lead to complex formation

4 These values are most often reported, but it is possible to find sy =35.1
[66] or 5.3 [79].

5 1t is worth noting that although most often it is assumed that for 4-AP in
S1-ICT the value of us,.ict is ~6.0 D, from independent solvatochromic mea-
surements a value of 8.3-9.0 D was obtained [78,88].
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Table 2

The contributions of non-specific interactions (NS) and hydrogen bonds (HB) for 4-AP in selected solvents as determined from the solvatochromic absorption and

emission measurements

Solvent v (fle,n?)) (cm™")  AVEL (NS) (em™!) AV (H-bond) (cm™!) 1M (fle, n?)) (em™!) AV (NS) cm™!) AV (H-bond) (cm™")
C3H;Cl 28680 370 0 23310 1020 0
DMSO 28640 410 1870 23180 1150 2260
HFIP 28560 490 780 22980 1350 4830
H0 28550 500 1450 22930 1400 5100

The parameters V2% (f(e, n%)), Av:}tl’fﬁ(H bond), v¥™ (f(e, n?)) and Avgh (H-bond) are defined in the text, the parameters AVS (NS) and AvS
for 4-AP in a given solvent relative to v
values and the most important properties of the solvents are given in Table 1; v;ﬂ’;x( f(e, n?) =0)=129050cm™ !, v v (f(e, n?) =0) =24330cm™

abs
max

em

and v

information on the contributions of non-specific interactions to v
dbs
de and vde

(see Fig. 3).

with the solvent molecules. This is true even though the energy
of non-specific interactions with the S;-ICT state of 4-AP is
greater than with the S;-LE state because of the significantly
larger dipole moment of 4-AP in its S;-ICT state. The above
conclusion in consistent with the small value of the non-specific
interaction energy of 4-AP molecules in their S1-ICT state with
individual molecules of the solvent. This interaction energy was
estimated from calorimetric data and theoretical calculations
for molecules of similar properties [131] and also from solva-
tochromic measurements of 4-AP in RCI (Fig. 3). The resulting
values is less than 100 cm~! per solvent molecule assuming that
the first solvation layer has at least 10 solvent molecules and that
the interaction energy of 4-AP with each of them is similar.

3.1.2. The effect of specific interaction (hydrogen bonds) on
the spectral shifts

It was possible to extract the contributions of the specific
interactions between 4-AP and the hydrogen bonding solvents
HFIP and DMSO out of the overall solute—solvent interactions.
This was accomplished on the basis of solvatochromic plots for
absorption spectra, fluorescence-excitation spectra, and emis-
sion spectra of 4-AP in RCl and with the information on v';‘r'f‘,fx
and vin measured in HFIP and DMSO. The procedure used to
determine the energy AEyp of the hydrogen bonds between the

10000 -
O13
Av,__ abs-em/ o1 2
max
8000 F
s 8
6000 | 8 d
5 Lw o
Og
"oz s
4000 _— '
0.0 0.1 0.2 0.3
Af(e,n?)

Fig. 4. The solvatochromic plot of the AV ™ dependence on
Af=((e — 1)/(2e + 1)) — (n* — 1)/(2n* + 1)) of 4-AP in selected solvents: (1)
1-chlorodecane, (2) 1-chlorohexane, (3) 1-chlorobutane, (4) 1-chloropropane,
(5) diethyl ether, (6) ethyl acetate, (7) THF, (8) octanenitrile, (9) DMSO, (10)
ACN, (11) HFIP, (12) H,0, (13) D,0.

shift shlft(NS) bring

abs for f(e,n?) = 0. The experimental

o and v

max

solvent and the solute in two different electronic states was based
on an analysis of the solvatochromic dependencies of v and

Vi on the polarity function fle, n?) of the solvents used. An
analogous determination was made for the dipole moment in the
excited state. The first step of the procedure required a determi-
nation of the contribution of the non-specific interactions only
using the experimentally observed solvent spectral shifts, both
in the absorption spectra and the emission spectra of the solute
studied. The results of the solvatochromic study in the RCl sol-
vents interacting only non-specifically can be approximated by
straight lines (see Fig. 3). It was assumed that these lines describe
the effect of non-specific solute—solvent interactions on the val-
ues of v3% and V™, not only in the RCl solvents but also in other
solvents that make hydrogen bonds with 4-AP, as long as these
solvents satisfy the other assumptions of the Onsager reaction
field model of interactions with solute molecule. The distance
between v3% and/or 1™ values and the straight line describes
the change in the energy of the hydrogen bonds (AEyp) formed
by 4-AP molecule in a given solvent. The bathochromic shift
of v3% and/or vEM (the corresponding points below the line),
means that this energy is greater in the excited state. The value
of AEygp between two electronic states, Avg‘ﬁfn(H bond) and
Avgs (H-bond), is determined from simple equations (1) and

(2):

Aviiii(H-bond) = vy (f(e, n*)) — i, (1)
Avii(H-bond) = vin (f(e, n )) — 2)
where 2% and V™ are the experimental positions of the max-

ima of the absorption and the steady-state fluorescence spectra
of the solute in a solvent forming hydrogen bonds with this
molecule. vﬁ?;x( f(e, n?))and Voo (f(e, n?)) are the values of the
predicted maxima of the absorption and the steady-state fluores-
cence spectra, respectively, of the solute in this solvent. These
latter two quantities correspond to non-specific interactions only
(from the straight line in the solvatochromic plot).

The experimentally observed position of V3% =
27780 cm ™! in HFIP relative to v3% (f(e, n?)) = 28 560 cm ™!
obtained from the solvatochromic plot for 4-AP in RCI for f{e,
n*)=0.308 (Fig. 3) indicates a bathochromic shift of absorption

spectra, thus the value Av‘s‘lll’isﬂ(H-bond) for 4-AP in this solvent
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is 780 cm~!.% These data imply that the energy of the hydrogen
bonds is 780cm™! larger in the S1-LE state than in Sq. This
is a result of a relatively small increase in the electron density
on the oxygen atoms of the carbonyl groups immediately after
excitation of the 4-AP molecule.

There is a significant bathochromic shift of V5o =
18150cm™! for 4-AP in HFIP relative to vS™ (f(e, n%)) =
22980 cm™! for fe, n?)=0.308 from the solvatochromic results
in RCl (Fig. 3). This implies that Avs, (H-bond) = 4830 cm~!.
It means that Egp in the S;-ICT state is much larger
than Eyg in the S¢ or S;-LE states. For the two excited
states the ratio is large AVSH. (H-bond) /Avgﬁfﬁ(H—bond) =
4830cm™!/780cm~! = 6.2. The reason for such a large ratio
must be that there is significant charge transfer, in the transition
from the S;-LE to the S;-ICT state, which goes from the donor
part of the 4-AP molecule to the oxygen atoms of its carbonyl
groups. It is expected that the formation of such a strong hydro-
gen bond should lead to formation of a Sy -exciplex,’ (S1-exc(1))

with high efficiency.
The position of V3% =26770cm™! in DMSO relative
to v (f(e, n?)) = 28640cm™! evaluated at fle, n?)=0.264

(Fig. 3) indicates a relatively strong bathochromic shift of the
absorption spectra of 4-AP as a result of the excitation Sg — S;-
LE. Itis over twice as large as that in HFIP. The computed value
of Av;‘kll’isft(H-bond)= 1870 cm™~!. This means that, on average,
each of the two hydrogen bonds N—H- - -O=S in the S|-LE state
is 935cm~! stronger than the hydrogen bonds in the S state.’
Taking into account the results of theoretical calculations of the
changes in electron density within the 4-AP molecule as a result
of its excitation [75], this change of Eyp can be interpreted as
resulting from a decrease in the electron density on the two
hydrogen atoms of the NH> group.

In DMSO Avgi (H-bond) = 2260 cm™ !, therefore, the two
hydrogen bonds of the same type in the S;-ICT state are

6 The absorption spectrum of 4-AP in HFIP significantly differs from the
absorption spectra taken in the other solvents (Fig. 2), in particular in the
shape in the long-wavelength region. The reason for the differences most prob-
ably is the formation of the complex of 4-AP- - -(HFIP), in the ground state
(Sp-comp), where n> 1, because of a relatively high value of Exp of the
hydrogen bonds made by HFIP and the molecules including carbonyl group
[113,115,116,121,122]. That is why the fluorescence excitation spectra mea-
sured in HFIP for the emission wavelength Ay =550-650 nm were used for
determination of v3%, in HFIP. The shape of these fluorescence excitation spec-
tra is very similar to that of the 4-AP absorption bands in the other solvents
not forming So-comp, and the value of V3% = 27780cm™! determined from
fluorescence excitation spectra in HFIP is practically independent of Aey, in the
range 550-650 nm, so in the range of S;-exc(1) emission. This S;-exc(1) appears
as a result of formation of a strong hydrogen bond by 4-AP in the S;-ICT state
and HFIP. Unfortunately, we do not know a solvent whose value of « would be
lower than that of HFIP, so that the hydrogen bonds made with 4-AP in the Sp
state would be weak enough not to form the Sp-comp and whose basicity would
be low enough not to form weak hydrogen bonds with the H—N bonds of the
amino group.

7 We use the term Si-exciplex for the excited complex of (S;-4-AP- - -Sp-
solvent) also when it was formed as a result of the excitation of So-complex,
according to Ref. [132].

8 The presence of individua with one hydrogen bond N—H. - -O=S and 4-AP
molecules not forming hydrogen bonds in the S; state in the solution cannot be
excluded.

1130cm™! stronger than the hydrogen bonds in the Sq state.
This is aresult of a lower electron density on the hydrogen atoms
of the amino group in the S;-ICT state than in the Sy state. In
contrast to the behaviour in HFIP, the two bathochromic shifts
of V3% and VM of 4-AP in DMSO are similar to each other
(Fig. 3). These results lead to an important conclusion that the
energy of the hydrogen bonds formed between DMSO with 4-AP
in its S;-LE state is similar in energy to the analogous hydrogen
bond with 4-AP in its S;-ICT state. Thus, the transition from
S1-LE to S;-ICT is not accompanied by changes in the elec-
tron density on the two hydrogen atoms of the NH; group. As
a consequence, there is also no change in the concentration of
4-AP forming an S;-exciplex (S1-exc(2)) via the N—H- - -O=S
hydrogen bonds with DMSO molecules.

We also performed solvatochromic measurements of
NM-4-AP in DMSO. The values of AV (H-bond) and
AV (H-bond) in this solvent are by about 200 cm™! (for the
former) and 50 cm™! (for the latter), respectively, smaller for
NM-4-AP than for 4-AP. Also in HFIP, H,O and D-O, the val-
ues of Av?ﬁfﬂ(H-bond) and Avgi, (H-bond) are very similar for
both aminophthalimides. Thus it can be concluded that the imino
group of 4-AP forms hydrogen bonds of very similar energy in
the Sp, S1-LE and S;-ICT states. Although the spectral and pho-
tophysical properties of NM-4-AP and their comparison to those
of 4-AP will be a subject of a separate work [133], the solva-
tochromic data are presented here because of the contradictory
interpretation of the role of the imino groups in the emission sol-
vatochromic data and deactivation of 4-AP [77,80,86,87]. Thus,
our results show that after excitation of the 4-AP molecule, the
proton transfer does not take place with the involvement of a
protic solvent from the imino group to the oxygen atom of the
carbonyl group.

We can also comment briefly on the solvatochromic results
for 4-AP dissolved in ethers, esters, and nitriles. It is often
assumed that these solvents interact through non-specific inter-
actions only, and hence, they are often used for the determi-
nation of the dipole moments of probes in their excited states
from solvatochromic measurements. However, as shown by the
experimental values of V3% and VSM obtained for 4-AP in
these solvents (Fig. 3), in each of the solvents there are simi-
lar bathochromic shifts of the maxima of their long-wavelength
band in the absorption spectra and emission spectra, relative
to its positions in the spectra taken in RCI. It is not surpris-
ing taking into account that for these solvents g~ 0.40-0.55
[96,97,112,134], thus they can form hydrogen bonds (analo-
gously as DMSO) with the N—H bonds of the 4-AP molecule.

For the sake of illustration we also present the 4-AP Stokes
shift dependence on the fie, n2) value of the solvents used
(Fig. 4). The character of the dependence reflects a significant
effect of hydrogen bonds on the value of Avid$em observed
in protic solvents. However, the presence of hydrogen bonds
between 4-AP and aprotic solvents (DMSO, nitriles, ethers) is
almost undetectable because of the similar values of Eyg in
the S;-LE and the S;-ICT excited states. Therefore, in order
to detect hydrogen bonds and to determine their AEgp (also
regarding that different excited states are observed in absorption
spectra and emission spectra), solvatochromic results should be



258 E. Krystkowiak et al. / Journal of Photochemistry and Photobiology A: Chemistry 184 (2006) 250-264

presented in the form of dependencies of V2%, and vE™ on f(e,
n?) (see Fig. 3).

A similar method for the determination of the contributions of
non-specific interactions and hydrogen bonds has been proposed
by Maroncelli et al. [15] for 16 different solutes in 1-propanol,
however they adopted the Kamlet—Taft approach. In this paper
these authors show that for a majority of the solutes studied,
including 4-AP and NM-4-AP, the hydrogen bonds made by
these solutes with 1-propanol make a significant contribution to
the solvent spectral shift. This had hitherto been often neglected,
assuming that in the processes of solvating molecules with both
acceptor and donor groups, the non-specific interactions play
the main role. To study exclusively the non-specific interactions
between the solute and the solvent, Maroncelli et al., chose eight
aprotic solvents. As has been shown in our paper (see Fig. 3 and
Table 2) six of them characterised by 0.4 < 8 <0.76, including
DMSO, make hydrogen bonds of the acceptor type with the
majority of the solutes studied. Since Maroncelli et al. [15] did
not take this into account the contributions of hydrogen bonding
to the solvent spectral shifts that they calculated were probably
underestimated.

3.1.3. Energy of hydrogen bonds formed by 4-AP

Solvatochromic results permit only the determination of
AFEyg between two electronic states. Therefore, determination
of Egp made by 4-AP in the excited states requires the knowl-
edge of Eyg, formed by 4-AP in its ground state. Unfortunately,
we have not found any literature (calorimetric, theoretical cal-
culation, etc.) data on the energy of the interaction of 4-AP (or
similar molecules e.g. NM-4-AP) in the Sy state, with HFIP,
DMSO, H,O, and other solvents which could be used for an
estimation of Egg made by N—H bonds from the amino groups
or oxygen atoms from the carbonyl groups of 4-AP with the
solvents molecules. Therefore, in order to estimate the Eyg
made between the oxygen atom from the carbonyl group of 4-
AP in the Sy state and the O—H bond from HFIP, we used the
experimental result of Eyp =2500cm™! for the hydrogen bond
formed between the carbonyl oxygen atom of flavone in the
ground state and HFIP (in the 1:1 complex) [122]. Since 4-AP
is a rigid aromatic molecule with a similar dipole moment in its
ground state and a similar the size to flavone, we assume that this
approximation is adequate.® Because of a similar distribution of
electron density on the two carbonyl groups of 4-AP in its Sp
state [75], it can be assumed that Eyp of the bond made by them is
similar.

Taking into account that the 4-AP molecule includes two
carbonyl groups whose oxygen atoms have two lone electron
pairs, there is the possibility for the formation of more than
one hydrogen bond. It is usually assumed that the solute and
solvent form a single hydrogen bond although it has been

9 The significant differences in the properties of HFIP and carbon tetrachloride
as solvents are the reason why the value of Eyg ~ 2500 cm~ !, assumed for 4-AP
in the Sy state in HFIP should be treated as approximate. As it has been shown,
e.g. in [121,135,136], the influence of the solvent on Eyg and in consequence
on Sp-complex formation efficiency is significant.

Table 3
Total energy of hydrogen bonds of a given type (EIEB’ cm’l) formed by the
4-AP molecule in different electronic states with DMSO, HFIP and H, O?

State  DMSO HFIP H,0
N—H..-0=S C=0.--H-0 N—H.--0=H, C=O..--H—0—H
So 1090 (5.4) 5000 (25.0) 670 (3.4) 2960 (14.8)
Si-LE 2960 (14.8) 5780 (29.0) 1830 (9.2) 3420 (17.2)
S;-ICT 3350 (16.8) 9830 (49.2) 2070 (10.4) 5820 (29.0)

The values in parentheses are EI)_‘;B / kBT

2 Similar values of Egp can be assumed for D,O in view of very similar
solvatochromic results in D>O and H,O and the values of f(e, n?) in these
solvents.

shown in a number of works [78,137-142] that the carbonyl
group can form two such bonds. Topp et al. [102,103] have
shown in a supersonic jet experiment that two carbonyl groups
of 4-AP are able to form hydrogen bonds both in the Sp and S
state. Unfortunately, to the best of our knowledge, there are no
experimental or theoretical data for 4-AP and/or similar com-
pounds that would describe the number and energy of hydrogen
bonds formed by two carbonyl groups in solution. Taking into
account the energies of hydrogen bonds formed between the
oxygen atom and w-electrons of the carbonyl group of several
ketones (including anthrone) with H—O bond in methanol [143]
as well as of acetone or cyclohexanone and the H-O bond in
the p-cresol molecule [142], we can assume by analogy that
in the interaction of 4-AP in the S{-ICT state with HFIP the
hydrogen bonds formed via the n-electron pair of oxygen atoms
are significantly stronger than via m-electrons of the carbonyl
group.

The Eyp of hydrogen bonds between 4-AP in its S1-LE state
with HFIP was determined from the estimated Exg value of
the hydrogen bond formed by 4-AP in the S¢ state and AEyp
obtained from the absorption spectra. An analogous determi-
nation of Eypg between 4-AP in its S;-ICT state and HFIP was
obtained from emission spectra in HFIP (Fig. 3). The total values
of Eyp in the S1-LE and S;-ICT states being a sum of energies
of all hydrogen bonds in the system made with the strong protic
solvent were computed to be 5780 and 9830 cm ™!, respectively
(see Table 3).10 A comparison of the Egp values for 4-AP in the
S1-ICT and Sy states shows that Eyg(S;-ICT)/Egg(So) ~2.0
(or ~1.7 relative to S-LE). Since the 4-AP molecules in the S;-
ICT state form such strong hydrogen bonds, it can be expected
that practically all the 4-AP molecules in this state form Si-
exc(1) with HFIP. Taking into account that in the conditions

10" In the hitherto discussion we have disregarded the effect of hydrogen bonds
that can be formed by alone electron pairs of nitrogen atoms from amine and
imine group with the H—O bonds of HFIP or H,O. It is assumed that excitation
of the 4-AP molecule to S;-LE and particularly to S;-ICT, leads to a decrease
in the electron density on the nitrogen atom of amino group so weakening of its
hydrogen bond. However, according to literature data [113] the relevant change
in Egp may be small relative to the value of Eyp in the Sy state. Therefore, it
can be assumed that taking into regard the change in the energy of this hydrogen
bond leads to still higher values of Eyp formed by the carbonyl groups in the S;-
ICT state, which however, has no significant effect on the interpretation results
proposed.
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Fig. 5. The scheme of electronic levels of 4-AP in 1-chloropropane (non-specific interactions), DMSO and HFIP (non-specific interactions and hydrogen bonds);
the energy values given correspond to 122, (S;-LE) and v®™ (S;-ICT); the relatively small differences in the energy of nonspecific interactions of 4-AP with the

max max
three solvents are disregarded.

of spectral and photophysical measurements (at room tem-
perature) the mean energy per a single degree of freedom is
(1/2)ksT =~ 100 cm™! (where kg is the Boltzmann constant, T
is the temperature in Kelvin) the above data imply that the energy
for a single hydrogen bond (EII{B) for 4-AP in its S1-ICT state in
HFIP is equal to about 25kgT. In additional taking into account
the value of E II{B in the Sy state (Table 3), it can be assumed that
a significant fraction of the 4-AP molecules dissolved in HFIP
are able to form a complex in the ground state (So-comp) with
this solvent.

Estimations were also made of the energies of the hydrogen
bonds between DMSO’s oxygen and the amino group (N—H)
of 4-AP in its Sy state. These energies were estimated from
the independent measurements on compounds that differ from
4-AP but which have the same hydrogen-bond forming N—H
bonds (or n-alkyl amino groups) and which have similar values
of their dipole moments in their S state [144]. The energy Eyp
determined for the hydrogen bonds formed between DMSO and
amino groups of cytosine and guanine and their methyl and ethyl
derivatives is 3.1 or 1.55 kcal/mol for a single N—H bond [144].
From these data, the two hydrogen bonds made between DMSO
and the amino groups of the 4-AP molecule in its S state should
have a total value of EﬁB ~ 1090 cm™! (i.e. for one hydrogen
bond EII{B ~ 545 cm™~!). Therefore, the energy of the hydrogen
bond formed by the 4-AP molecule in the Sy state with DMSO
molecules is too low to enable formation of a complex in the

ground state. From the solvatochromic results on the S — S;-
LE transition, the total Egg of the bond formed between DMSO
and the N—H bonds of the amino group of 4-AP in its S1-LE state
increases by ~1870 cm™! relative to Sg (Fig. 3). The total value
of Ef in Si-LE is therefore, about 2960 cm™~!, which means
that the energy of a single hydrogen bond N—-H- - -O=S is EII—IB ~
1480 cm™!. The value of Egg (~7kgT) for a single hydrogen
bond in this state indicates that there is a possibility to form an
S1-exc(2) between 4-AP and one or two of the DMSO molecules.
The value of Eyp for the two N—H- - -O=S hydrogen bonds in S;-
ICT states is Efg = 3350cm ™! (1675 cm™! per a single bond).
This value is very similar to that in the S1-LE state. Therefore,
as mentioned earlier, as a result of the transition from S;-LE to
S1-ICT, the concentration of Sj-exc(2) is practically the same
as indicated by the very small value of Egg(S-ICT)/Eus(S;-
LE)~1.1.

Based on the results of solvatochromic measurements
on 4-AP and the calculated value of Eypg in its Sp state
[113,121,122,125,144], a scheme can be constructed for the
electronic levels of 4-AP in its Sg, S1-LE, and S;-ICT states in
selected solvents: 1-chloropropane, DMSO and HFIP (Fig. 5).
From a comparison of the energies of 4-AP in its So and S
states (Fig. 5 and Table 3), it can be concluded that the hydrogen
bonds made between the 4-AP molecule and DMSO and HFIP
have great effect on energy decreases, in particular, in the Si-
ICT state. The non-specific interactions of 4-AP with DMSO
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Table 4

Photophysical properties of 4-AP in selected anhydrous, aerated solvents, in H,O and in D,O

Solvent dF TF (ns) ke (x107s71) kar (x107 571 Es, (cm~1)? Most important fluorescent individual
C3H;Cl 0.69; 1.0 12.5;17.9° 5.52;5.59 <0.1 23310 S1-4-AP

ACN 0.63¢; 0.96¢ 14¢;21.3b¢ 4.50 0.19 21790 Si-4-APf

DMSO 0.832;0.91° 17.5;19.2° 4740 0.47 20920 S1-4-AP, S-exc(2)

HFIP 0.053; 0.065"-¢ 2.3;2.8" 2.30 334 18150 S1-exc(l)

D,0 0.12; 0.045°¢ 5.4;5.7 2.22 16.3 17690 Si-exc(l)

H,O0 0.022; 0.0149; 0.01¢ 1.05; 1.2 2.10 93.1 17830 Si-exc(l)

# Es, is taken from the position of the emission maximum of 4-AP in the S;-ICT state, S;-exc(1) and S-exc(2).

" In deoxygenated solution.
¢ From Ref. [79].
4 From Ref. [89].

¢ Calculated from the relation ¢r(deox) = ¢prtr(deox)/tr, and tr(deox) = tr¢r(deox)/pr, where ¢r(deox) and tr(deox) are the quantum yield of fluorescence and

fluorescence lifetime for 4-AP in deoxygenated solution.
f'S|-exc(2) is also present but at a lower concentration than in DMSO.
& The same ¢p value was obtained in DMSO-dg.
b For aerated and deoxygenated solution.
! From Ref. [77].

and HFIP are relatively not much stronger than those with 1-
chloropropane, both in the Sg and S states.!! The results show
that the experimental solvent spectral shifts, both in absorption
spectra and in emission spectra, at the transition between Sg
and S1-LE or S;-ICT are determined mainly by the increases in
Eyg in the excited states and not by an increase in their dipole
moment. This effect is surprisingly large, which means that the
results interpreted under the assumption that practically the total
spectral shift was due to the non-specific interactions, neglecting
the hydrogen bonds, must be treated with caution [1,4,88].

Taking into account the solvatochromic results of absorp-
tion and emission spectra for 4-AP in HFIP and DMSO, it was
possible to propose a quantitative interpretation of the spectral
shift recorded for 4-AP in H>O (using o and 8 values of these
three solvents). In this solvent the 4-AP molecule forms hydro-
gen bonds of donor type (as in DMSO) and acceptor type (as in
HFIP). The values of Eyg estimated for 4-AP in its Sg, S1-LE,
and S1-ICT states in H,O are presented in Table 3.

The calculated Eyp given in Table 3 should be treated as
approximate. However, on the basis of these data obtained for
a complex solute—solvent system containing both donor and
acceptor hydrogen bonds, it is possible to infer the formation
of species other than 4-AP molecules.

The occurrence of hydrogen bonds between the excited 4-
AP molecule and trifluoroethanol (TFE) molecules, leading to
formation of 1:1 complex, is indicated by the rotation dynamic
measurements [145], quite independently of our solvatochromic
results. Rotation of 4-AP in TFE is significantly slower than
would be expected on the basis of the correlation established in
the other solvents that are not able to form hydrogen bonds.

11 Using the solvatochromic plots of 4-AP in RCI (Fig. 3) it can be shown that
at the transition Sg — S1-LE the energy decrease is about 60cm™~! as a result
of non-specific interactions of 4-AP with DMSO and about 170cm™! at the
transition S1-ICT — Sy relative to 4-AP with 1-chloropropane. Analogously, in
HFIP the energy decrease is about 130 cm ™! at So — S;-LE and about 360 cm™!
at S1-ICT — Sp.

3.2. The photophysical studies

In order to determine the properties of the 4-AP molecules
in their excited states and, in particular, to explain the rea-
sons for the strong dependence of v, , ¢, and Tr [66,77,79]
on solvent properties, photophysical measurements were per-
formed in the same solvents as were used in the solvatochromic
studies. Quantum yields of 4-AP fluorescence were measured
by a relative method using quinine sulfate in 0.IN HSOg4
(¢pr=0.52) as the standard. The results of ¢ and tp, for 4-
AP in aerated solvents (some solvents were also deoxygenated)
are presented in Table 4. Also Table 4 presents the radiative
rate constant, kg = ¢rTp ! , and the rate constant of radiationless

deactivation, kn = (1 — ¢p)Tp 1, of 4-AP in selected solvents.
The lifetime of 4-AP in the S;-ICT state is relatively long,
7s,-1cT ~ 20ns (in the oxygen-free solution), both in RCI and
in the aprotic, more polar, solvents (ACN, DMSO). 4-AP in
its S1-ICT state is strongly quenched by highly protic solvents
(e.g. calculated from Stern—Volmer relation the bimolecular
quenching rate constant (ks) for HFIP in 1-chloropropane is
high, ks >5 x 10°M~! s’]).]2 In order to determine the val-
ues of ¢r and tg for 4-AP in such solvents, it was neces-
sary to decrease the amount of water to a concentration below
1073 M!

As found in earlier works [66,77,79], there was a strong
dependence of ¢r and tF for 4-AP on the solvent properties. In
deoxygenated 1-chloropropane and 1-chlorobutane, the value of
¢r ~ 1.0 was obtained. A similarly high, but somewhat lower,
value of ¢ was obtained in DMSO. The smallest values of ¢f
and the shortest T were obtained in protic solvents capable of

12 Because of too low water solubility in RCI it was impossible to determine
the quenching rate constant of 4-AP in the S;-ICT state by water. Therefore,
HFIP was used as a quencher forming similarly strong hydrogen bonds. Taking
into regard very similar spectral and photophysical properties of 4-AP in these
solvents we can assume that the quenching rate constants of 4-AP in the S;-ICT
state by these two solvents are similar.
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forming of hydrogen bonds: HFIP, H,O, and D,0. In H>O and
D,O0, the values of ¢ are twice as large as the earlier results
0.01 and 0.045 [66,79]'3, respectively. The values of g (1.1
and 5.4ns) in HyO and D;0O, respectively are very similar to
those obtained in an earlier work.

It should be noted that the kg values vary in the range between
2.2x 107 and 5.5 x 107 s™!, reaching the highest value in 1-
chloropropane, while in HFIP, H,O and D;O the value of kf is
2.5 times lower. From the solvatochromic results in RCl, it is
seen that the excited 4-AP molecule in its S;-ICT state deacti-
vates exclusively through intramolecular processes. The value
of ¢r = 1.0 in RCl indicates that practically the only deactivation
pathway of 4-AP from its S1-ICT state is via fluorescence, char-
acterised by kg = 5.5 x 107 s~ Since the contributions from the
processes of internal conversion and intersystem crossing in the
deactivation are negligible, the rate constants of these processes
must be much lower than kg!

The photophysical results for 4-AP in HFIP, H,O, and D,O
are very interesting and consistent. In all these solvents prac-
tically the same value of krp~22.25x 107 s~! was obtained
(Table 4). As mentioned earlier, 4-AP in the S;-ICT state forms
very strong hydrogen bonds with these solvents (Table 3). Thus,
it can be assumed that after formation of hydrogen bonds in
these solvents only Si-exc(1) is present. Therefore, the kg val-
ues in these solvents describe the radiative properties of this
species. The value of kg for S;-exc(1) is 2.5 times lower than
that for 4-AP in its S;-ICT state. It should be noted that a sim-
ilar decrease in kr is observed in strongly protic solvents for
other aromatic molecules containing a carbonyl and a nitro group
[51,146] capable of forming hydrogen bonds with the solvent
molecules. In protic solvents the values of ¢ and tf are sig-
nificantly lower than their corresponding values for 4-AP in its
S1-ICT state in RCI. This decrease in ¢ and tf is more pro-
nounced the greater the total energy of the interaction between
4-AP in its S1-ICT state and its surroundings. In HFIP, ¢ is 15
times lower than in 1-chloropropane while tf is 6 times shorter.
In H,O, ¢F is 45 times lower, and tf is 17 times shorter than in
1-chloropropane.

The process of internal conversion dominates in deactivation
of Sj-exc(1), and it is responsible for a significant decrease in
the experimental value of ¢g in the protic solvents in which
4-AP makes strong hydrogen bonds (C=0- - -H-X). Similar to
earlier studies on excited molecules [147-149], that consid-
ered to the energy gap law [150], the rate constant of internal
conversion (kjc) for S;-exc(1l) strongly depends on the S1—Sg
energy gap (AE(S;—Sp)). Unfortunately, the scarcity of data
on Si-exc(1) makes it impossible to discuss the dependence of
kic on AE(S1—Sp) in more quantitative terms. The influence
of AE(S1-Sp) on kjc explains why the shortest lifetime of S;-
exc(1l) is seen in HyO, in which the energy of the S;-exc(l)
(Es;-exc(1)) is the smallest because of the presence of the two
types of hydrogen bonds. On the other hand, the approximately

13 Measurements of ¢ in H,O and D,O have been many times repeated for
different 4-AP concentrations and different Acxc, obtaining values very similar
to those given in Table 4.

5.7 times lower value of kjc of 4-AP in DO compared to H,O
[9]14 despite the same value of Es;_exc(1), may be the result of the
decrease in the Franck—Condon factors, caused by the decrease
in the frequency of the accepting modes from vo_y &~ 3500 cm™!
(inH0) to vo—p A~ 2500 cm~! (in D,0). This interesting finding
is a direct confirmation not only for the formation of S;-exc(1)
as a result of a strong hydrogen bond formation, but it also
proves that S;-exc(1) undergoes internal conversion with the
involvement of this bond, which is in consistence with an earlier
proposition [58,59,74,75].

Finally, it is instructive to discuss the photophysical results
obtained in aprotic solvents capable of forming hydrogen bonds
with the N—H bonds of the amino group (and probably also the
imino group). The values of ¢r and tp for 4-AP dissolved in
these solvents are similar to those obtained in RCI (Table 4).
Although there are no experimental data from time-resolved
measurements that could directly prove the formation of Si-
exc(2), the relatively high value of Ejjz ~ 1500cm™! for the
single hydrogen bond (N—H---O=S) in DMSO (Table 3), both in
the S1-LE and S;-ICT states, suggests that it does form readily.
An indirect confirmation of Si-exc(2) formation is the fact that
the values of kp ~4.6 x 107 s~! in DMSO and ACN are lower
than in RCI, kg 2 5.5 x 107 s~!. The monoexponential decays of
the emissions in DMSO, ACN, and RCl, all three having similar
values of tf, can be explained by assuming that the deactiva-
tions of 4-AP in its S-ICT state and of S;-exc(2) are almost
exclusively determined by the fluorescence, and, furthermore,
the values for kr of both species are similar. Slightly faster over-
all nonradiative decay in these solvents than in RCI can be the
result of an increase in the rate constants kg s, for the internal
conversion S{-ICT — Sy for 4-AP due to a decrease in the value
of AE(S1-Sp) as well as the contribution of radiationless pro-
cesses in Sp-exc(2) deactivation. Because of the greater value
of Eyg, seen as a greater bathochromic shift of v§h in DMSO
than in ACN (see Table 1 and Fig. 3), these processes should
play a greater role in the deactivation of 4-AP in the former
solvent.

3.3. Scheme of 4-AP deactivation

Based on the results presented of the solvatochromic and
photophysical measurements and independent data (Eyp in the
So-state of 4-AP in DMSO and HFIP), we propose a scheme for
the excited-state deactivation of 4-AP in solvents of different
properties. Rate constants, ky, refer to the processes described
on the left.

(a) In the sufficiently polar solvents interacting only non-
specifically with 4-AP:

So2% S, -LE, )
Si-LE — Si-ICT, kgFCT. (ii)

14 Tt should be noted that a very similar deuteration effect has been observed
for NM-4-AP in H>0 and D,O [133]. It confirms that the imino group is not
responsible for the deactivation of the 4-AP molecule.
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In these solvents the only deactivation process of S1-LE
is (ii).
The deactivation of S;-ICT occurs in the processes

(>iii)—(v):

S1-ICT 2 59, KICT, (i)
S1-ICT — So,  KST, (iv)
S1-ICT — T}-ICT, KkiSe, V)

where T1-ICT corresponds to 4-AP in the triplet ICT state.
As for S1-ICT ¢p ~ 1.0, therefore kT > kST + &IST.
(b) In sufficiently polar aprotic solvents with electronegative
heteroatom(s) and in protic solvents, in addition to the
intramolecular processes mentioned in (a), another process
also occurs

S}-ICT + (Sg-solv), — Sj-exc(x), kT,

n>1, (vi)
where x= 1 or 2 in protic and aprotic solvents, respectively.
Process (vi) in monocomponent solvents is a pseudo-first-
order reaction.
The deactivation of Sj-exc(x) occurs in processes
(vii)—(viii):
Si-exc(x) — Sp-comp(x),  kia Imeomp) (vii)

and/or

exc(x)

Si -exc(x)h—u/; Sp-comp(x), kg . (viii)

(c) In strong protic solvents, e.g. in HFIP, additional processes

occur:
So-4-AP + (Sp-solv),, — Sp-comp(1), n >1, (ix)
So-comp(l)ﬂ S1-comp(1). x)

The steady-state and time-resolved emission measurements
results do not allow for a differentiation between S;-exc(1) and
the excited complex (S;-comp(1)), therefore, we have assumed
that the deactivation of the latter species, similar to Sq-exc(1),
occurs through processes (vii)—(viii), according to Ref. [151].

4. Conclusions

This paper presents results on the spectral (absorption and
emission) and photophysical studies of 4-AP molecules in a
range of solvents. The results of the solvatochromic study of this
probe, presented above, are to our knowledge the first obtained
with the use of solvents from the group of 1-chloro-n-alkanes
(RCI) (with ¢=p8=0). In these solvents, irrespective of the
complexity of the properties of the molecule studied, only non-
specific solvent—solute interactions take place. That is why a
change in the maxima of the absorption and emission spectra
versus the Lippert-Mataga polarity function, f(e, n?), for 4-AP
provides quantitative information on the changes in the energy
of the non-specific interactions and on changes in the dipole
moment as a result of the electronic transitions of this probe.

Based on literature data for the energy of the hydrogen bonds
made by carbonyl groups and N—H bonds of a few aromatic
molecules in their Sg-states with HFIP and DMSO, the energy
of the hydrogen bonds formed by 4-AP in its ground state in these
solvents was determined. From the same data and the results of
absorption and emission solvatochromic plots in RCI, the values
of Eyp were determined for 4-AP in the excited states S;-LE and
S1-ICT in HFIP and in DMSO (by computation also in H>O).
Thus, we were able to decide whether Eyp of the hydrogen bonds
in the S and in the excited states was high enough to permit not
only the presence of 4-AP molecules but also its complexes (in
Sp) and exciplexes (in S) with the solvent molecules.

The solvatochromic results in this study show that when using
4-AP as a probe, ethers, esters, and nitrile cannot be employed
as solvents if it is assumed that these solvents are engaged only
in non-specific interactions with 4-AP (this is also true for many
other probes with donor and acceptor groups). This is clearly
seen by the bathochromic positions of the maxima in the absorp-
tion and emission spectra of 4-AP in these solvents, relative to
their positions in the spectra of the 1-chloro-n-alkanes.

The example of the 4-AP molecule, containing both a donor
and an acceptor group, has shown that its electronic excitation
significantly changes the energy of the hydrogen bonds that this
molecule forms. Despite complexity of the spectral and pho-
tophysical properties of 4-AP (in particular, the formation of
several types of hydrogen bonds), it was possible to identify
the possible species present in the system and to estimate the
changes in their concentrations at the 4-AP transition between
two electronic states.

The high value of Eyp determined in highly protic solvents
(Tables 3 and 4) from the solvatochromic emission study (Fig. 3)
clearly indicates that the emission observed in these solvents
cannot come from the 4-AP molecule in its ST'-ICT state but
must come from Sj-exc(1), appearing as a result of formation
of strong hydrogen bonds between 4-AP in this state and the
solvent molecules (HFIP, TFE, H,O, D;0).
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