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Abstract

An extensive spectroscopic study of two derivatives of the all-frans-1,6-diphenyl-1,3,5-hexatriene (DPH) has been
conducted. The one derivative carries, at the para position of one of the phenyl rings of the parent molecule, the electron
donating -N—-(CH,), group, while the other carries at the same position the electron withdrawing ~NO, substituent. The
absorption—fluorescence spectra, quantum yields, lifetimes and steady state fluorescence anisotropies of these derivatives,
were studied in various solvents, at different temperatures and at different viscosities. The findings are presented and
discussed along with the exceptional fluorescence probing properties of these two particular derivatives. For comparative
purposes, the main spectroscopic properties of the parent molecule are also included. © 1998 Elsevier Science B.V.

1. Introduction

Historically, polyenes (-CH=CH-), were one of
the first examples of organic molecules for which
approximate quantum mechanical calculations, viz.
the free-electron model, were developed aiming at
the determination of their molecular electronic en-
ergy levels [1]. These molecules and their derivatives
have been the subject of intense research for many
years because of their relation to important biologi-
cal structures, e.g., vitamin Al, carotenoids, the cru-
cial for the visual cycle in rod cells 11-cis-retinal,
etc. Another important aspect of these molecules is
the cis—trans photoisomerization occurring in
polyenes and their derivatives [2]. Polyenes and their
derivatives present special interest also from the
purely spectroscopic point of view. Thus, the all-
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trans-1,6-diphenyl-1,3,5-hexatriene (DPH), has been
extensively studied because it is a typical homologue
of this series which exhibits dual fluorescence origi-
nating from two different excited states, viz. A g(Sl)
and lBu(Sz), at thermal equilibrium [3-5]. Regard-
ing chemical and biological applications DPH has
also found wide use because of its fluorescence
anisotropy, which in conjunction with its fluores-
cence lifetime, renders this molecule indispensable
for local fluidity studies in microcompartmentalized
and supramolecular systems [6]. Because of their
probing capabilities, which they share with the par-
ent molecule, several DPH derivatives have been
synthesized and used as fluorescent probes, these
include neutral molecules, e.g., NO,-DPH-NO,
[7,8], anions, e.g., DPH-(CH,),COO~ [9], cations,
e.g., DPH-N(CH,); [10], surfactants, e.g., DPH-
containing phosphatidylcholine [11], etc. However,
complete and detailed spectroscopic data have not
been published for any of these DPH derivatives,
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only scattered and uncorrelated results have occa-
sionally appeared in the literature [7,8,12,13].

In the present work, we have undertaken an ex-
tensive spectroscopic study of two neutral DPH
derivatives, namely 1-(4'-dimethylammoniumphen-
yl)-6-phenyl-1,3,5-hexatriene (II), and 1-(4'-
nitrophenyl)-6-phenyl-1,3,5-hexatriene (III), (see
Scheme 1). These molecules were chosen as subject
of the present study mainly for two reasons. Firstly,
because they contain two characteristic substituents,
a typical electron donor, ~-N(CH3),, and a typical
electron acceptor, —NO,. The attachment of such
substituents is expected to affect the charge delocal-
ization in the extended conjugated system of DPH
leading to important solute—solvent interactions, and
sizable spectral shifts. Therefore spectroscopic find-
ings concerning II and III are also relevant to other
DPH derivatives. The second reason is that these two
particular molecules have been shown to demon-
strate exceptional sensitivity to the micropolarity as
well as to the microviscosity of their environment
[14]. Indeed, derivatives II and III are more versatile
fluorescent probes than DPH itself, since they are
capable of simultaneously probing microfluidity
(through their fluorescence anisotropy), and micropo-
larity (by means of their solvent sensitive fluores-
cence red shift) of the same microenvironment under
identical conditions. Note, that the parent molecule
DPH cannot probe micropolarity in liquid solutions
because of its peculiar spectroscopic behaviour which
arises from the fact that the electronic transition
'A(Sg) « 'A(S,), responsible for practically all

fluorescence intensity, is symmetry forbidden in the
C,, point group of diphenyl-n-polyenes [15]. A con-
sequence of the forbidden character of the fluores-
cence transition, is that this transition is insensitive
to solvent polarity. For this reason DPH cannot
probe the polarity of its liquid environment. The
obvious way to improve the sensitivity of the fluo-
rescence of DPH to environmental changes would be
to lower its point group symmetry and make allowed
the symmetry forbidden transitions. Indeed, in II and
Il the lack of an inversion centre (point group
symmetry C,) makes allowed all the symmetry for-
bidden transitions of the type g — g, or u = u,
responsible for the ‘anomalous’ electronic spectra of
polyenes and diphenylpolyenes. Finally, it should be
mentioned that the sole spectroscopic information
published about the amino [10] and nitro [7,8] deriva-
tives of DPH amounting to only few absorption—
emission spectra, and some fluorescence quantum
yields and lifetimes, are discussed here and com-
pared to our own findings.

2. Experimental

The parent molecule, all-trans-1,6-diphenyl-
1,3,5-hexatriene (DPH) was purchased from Fluka,
while its two derivatives, viz. 1-(4’-dimethyl-
aminophenyl)-6-phenyl-1,3,5-hexatriene (abbr.
DPH-N(CH;),) and 1-(4-nitrophenyl)-6-phenyl-
1,3,5-hexatriene (abbr. DPH-NO,) were from
Lambda Probes and Diagnostics. All three com-
pounds were of the highest purity available and
therefore were used without further purification,
however, their high purity, as well as that of the
solvents used, was confirmed by absorption and
fluorescence spectroscopy. Also because of the low
solubility of these molecules in some solvents, we
have confirmed the formation of proper solutions by
verifying, in all cases, the validity of Beer’s law. For
absorption spectra the Perkin—Elmer Lambda-16
spectrophotometer was employed. Fluorescence and
excitation spectra were recorded on a Perkin—Elmer
LS50-B fluorometer equipped with filter polarizers.
The same instrument was used to determine the
fluorescence anisotropy, r. The excitation wave-
length used for the determination of the fluorescence
anisotropy was 356 nm for DPH, 390 nm for DPH-
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N(CH,),, and 405 nm for DPH-NO,. The concen-
trations employed for all measurements, except ab-
sorption, were 5 X 10~7 M for DPH and 10™° M for
the two derivatives. All emission spectra reported
here were corrected for the response of the instru-
ment. Fluorescence quantum yields (P;) were ob-
tained from deoxygenated solutions, employing as
standard a solution of quinine sulfate in 1.0 M
sulfuric acid for which @ = 0.55 [16], and using the
equation

L F OD" (np)\?
D= B — -
D

oD

In this equation F and F* stand for the integrated
fluorescence spectra, OD and OD® are the optical
densities at the wavelength of excitation and n;, and
ny are the refractive indices, all symbols referring to
the solution under study and the standard quinine
sulfate solution, respectively. The temperature range
of our measurements extends from 300 down to 77
K. Fluorescence lifetimes 7(exp), were determined
using the time correlated single photon counter FL900
of Edinburgh Instruments. The calculated intrinsic
lifetimes of the excited state, 7(intr), were estimated
from the absorption spectra using the formula [17]

€( V_ )dv ()

v

=2.88 X 1003 (37 *Huy'/

Tintr

where (7; 3N ,1 is the reciprocal of the mean value of
7~ %in the fluorescence spectrum.
o JF(v)dv
(B D = —— = (2)
[F(p)7 °dv

whereas [e(7)d7/7V stands for the integrated inten-
sity, of the absorption coefficient, €, divided by the
wavenumber, over the entire range of absorption, the
other symbols have the same meanings as in the
previous equation of the quantum yield. Refractive
indices np, when not available from tables, were
measured using a thermostated Abbe type refrac-
tometer.

3. Results and discussion

When the para-H in one of the phenyl rings of
DPH is replaced by a substituent the symmetry of

the parent molecule is lowered, and therefore the
derivatives are expected to exhibit different spectro-
scopic behaviour from that of DPH. Moreover, the
presence of the substituents will modify the energies
of the electronic states of the conjugated double
bond system, through resonance and inductive inter-
actions. Further differentiation, particularly with re-
spect to the solute—solvent interactions, arises from
the fact that contrary to DPH, the two derivatives
posses ground state dipole moment, which leads to
energy stabilization, — more so in the excited state —
and therefore increased red shifts. In order to empha-
size the differences in the spectral behaviour of DPH
caused by the substitution, we have studied, along
with the two derivatives, the parent molecule as well,
although its spectroscopy has been extensively dis-
cussed in the literature [18]. Our results for DPH
were found in very good agreement with those pub-
lished.

Figs. 1 and 2 show the absorption and fluores-
cence spectra of DPH, DPH-N(CH,), and DPH-
NO, in solvents classified according to their refrac-
tive indices np, and dielectric constants €. Thus, the
solvents of Fig. la, hexane and benzene, have low
and similar € (1.88; 2.28), but very different np
(1.372; 1.498); in Fig. 1b, the solvents DMF and
p-dioxane, have high and similar np, (1.427; 1.422)
but different € (36.7; 2.21); in Fig. 2a, ethylether
and acetonitrile, have similar and low np (1.352;
1.342) with different e values (4.33; 36.2) and in
Fig. 2b, acetonitrile and DMF, have high and similar
€ (36.2; 36.7) and different np, (1.342; 1.427). Note,
that the solvents of Figs. 1 and 2 do not have any
tendency for specific interactions with the solutes,
e.g., hydrogen bonding, complex formation, electron
transfer etc, only effects due to n, and €, the
so-called universal solvent effects, influence the
spectra.

3.1. Absorption

Inspection of Figs. 1 and 2 discloses several
interesting points concerning the absorption spectra
of these molecules. The two derivatives have in all
solvents spectra which are red-shifted, up to ca. 3000
cm™!, with respect to the corresponding absorption

of the parent molecule DPH, (compare, e.g., DPH
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and DPH-NO, in hexane). This is the red shift
arising from the effect of the substitution of groups
such as N—(CH,), and -NO,, in molecules with
extended conjugation. Indeed, the diamino derivative
is expected to demonstrate sizable spectral shift with
respect to DPH, because the lone electron pair on the
N atom can be easily delocalized in the extended
conjugated system of the diphenylhexatriene frame-
work. Nitro groups, on the other hand, are known to
have nearly the strongest resonance effects of all
substituents, on conjugated systems, and this can
explain the larger red shifts observed in the absorp-
tion spectra of DPH-NQO,. Note that the n —» 7~

transitions, expected to appear at the low energy part
of the absorption spectra, are not observed, evidently
because such weak transitions are buried underneath
the much stronger m — =" transitions. Regarding
the effect of the environment on the absorption
spectra, it is clear from Figs. 1 and 2 that the
refractive index np, of the solvent appears to be, as
expected, the determining factor for the red shifts
observed in all three homologues. Thus, when the
spectra of DPH are compared in hexane and in
benzene, i.e., two solvents with very different refrac-
tive indices but very similar and low valued dielec-

tric constants, the shift is more than 600 cm™!, as
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Fig. 1. Absorption~fluorescence spectra of DPH, DPH-N(CH,), and DPH-NO, in various solvents having different dielectric constants
and refractive indices, as indicated on the panels.
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shown in Fig. la. Similarly the corresponding shifts,
between hexane and benzene, of the polar derivatives
DPH-N(CH,), and DPH-NO,, is ca. 800 cm™',
(see Fig. 1a). The same conclusions are drawn by
comparing the spectra of Fig. 2b, where the solvents,
acetonitrile and DMF, have again different refractive
indices and nearly identical but high valued dielec-
tric constants. Note, also that in Fig. 1a the red shifts
are more than the corresponding ones in Fig. 2b, this
is because in the former case the difference in np
between the two solvents, hexane and benzene, is
larger than in the latter case.

To further investigate the effect of the refractive

index on the absorption spectra we have used hex-
ane—benzene mixed solvents in which, while € re-
mains practically unchanged, between 1.88 and 2.28,
np changes greatly from 1.372 in pure hexane to
1.498 in pure benzene. The results, shown in Fig. 3
follow the trend expected from theories treating the
solute—solvent interactions. These interactions are
complex and most theoretical approaches take into
account only polarization forces, i.e., the treatments
concern cases of non-polar solutes in non-polar sol-
vents [19]. In such an approximate theory [20-22],
based on the assumption that the solvent can be
described by a continuum cavity model of the On-
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Fig. 2. Absorption—fluorescence spectra of DPH, DPH-N(CH,), and DPH-NO, in various solvents having different dielectric constants

and refractive indices, as indicated on the panels.
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sager type, it is predicted that when the energy of the
absorption of an allowed electronic transition is plot-
ted vs. (nh — 1)/(2n} + 1), a straight line should be
obtained, the slope of which is a function of the
oscillator strength of the transition and the Onsager
radii of the solute, while its intersection with the

energy axis gives the origin of the absorption in the
gas phase, 1,,.. In Fig. 3 such plots are shown for
DPH and its two derivatives. The v, energy for the
various hexane/benzene mixtures was that of the
O-0 vibrational peak of the absorption and it was

obtained by analysing the absorption spectra in terms

30000

«— 29837 cm™!
29000 - \\
28000 |-

~ -l
W <«— 27830 cm
C N\ N
A4 N
< \é}
< 2

27000 |-
> AN o3
4 4
3 N\ ;
£ 1 \\

27171 em’ -

g 26000 7171 em’ . \\
)
> .
‘B“ X

25000 |-

= \\\\
24000 |- \z\lﬁkm\
\ xlﬂ\
23000 |- \A\&\
AL b A l Ll 'l l 1 J I L A A L l Ll A ‘\ <
0.00 0.05 0.10 0.15 0.20 0.25
o n3 -1
2nl +1

Fig. 3. Plots of the energies of the O—O absorption in solution, ¥, vs. electron polarizability a = (n3, — 1)/Q2n3 + 1) for hexane-benzene
mixed solvents. (O) DPH; (C1) DPH-N(CH,),; (2 ) DPH-NO,. (1) hexane; (2) hexane/benzene =3/1; (3) 1/1; (4) 1/3; (5) benzene.
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of gaussian curves. These plots produce straight lines
for all three molecules, including the polar deriva-
tives, whereas extrapolations to np =1 give the
origin of the corresponding absorptions in the gas
phase, viz. 29837 cm™! for DPH, 27830 cm™! for
DPH-NO, and 27171 ¢cm™! for DPH-N(CH,),.
This v, value for DPH is very close to the
values reported in the literature for diphenylpolyenes
[23], whereas although numbers are not available for
the two polar derivatives, the values found here
appear very reasonable. Note, also that the slope of
the straight lines obtained from fitting the absorption
data are very similar for DPH and its two deriva-
tives, in agreement with the strong oscillator strength
that all these molecules possess, and their similar
molecular sizes which indicate similar Onsager radii
for all three of them.

3.2. Fluorescence

Although the solvent effects on the absorption
spectra are essentially similar in DPH and in the two
derivatives, large and important spectroscopic differ-
ences are observed in the corresponding fluorescence
spectra. Thus, examination of Figs. 1, 2 and 4 shows
that the emission of DPH is totally insensitive to the
nature of the solvent, it exhibits a large apparent
Stokes shift, close to 3000 cm™!, and there is no
mirror image between the absorption and fluores-
cence spectra. All these are characteristic signs of a
forbidden transition, such as the 'A (So) « 'A(S,)
which has been shown to account for the intense
emission of DPH [24]. Note, however that the weak
high energy fluorescence (h.e.f.) at ca. 26000 cm ™',
changes its position in the various solvents (see Fig.
4a), has ordinary Stokes shift and it exhibits mirror
image symmetry with the absorption spectrum,
(barely discernible in Fig. 1a, see however Ref. [24]),
in accordance with the allowed character of the
corresponding transition 'A,(S) « 'B,(S,) [24].
The emission of the derivatives on the contrary,
demonstrates a totally different behaviour. Their flu-
orescence spectra are strongly dependent on the sol-
vent. Thus, in solvents with high dielectric constant,
such as acetonitrile and DMF the fluorescence red
shifts are exceptionally large as shown in Figs. 2b
and 4b—c, e.g., the spectral shift of DPH-NO,, upon
change of the solvent from hexane to acetonitrile is

as large as 7000 cm™' (see Fig. 4c). It must be
pointed out however, that such large stabilizations of
the emitting states, is rather difficult to be attributed
exclusively to solvent relaxation processes. Instead,
some state-mixing, or perhaps formation of charge
transfer emitting states, may be contributing towards
these unusually large fluorescence red shifts. In any
case, the very high sensitivity of the emission of
these DPH derivatives to the ‘polarity’ of the envi-
ronment is what makes them ideally suited for fluo-
rescence probing studies. The absorption and fluores-
cence spectra of DPH and of the two derivatives in
various solvents, shown in Figs. 1 and 2, demon-
strate different behaviour as far as the vibrational
structure of the spectra is concerned. Thus, the polar
solutes DPH-N(CH;), and DPH-NO, when in po-
lar solvents exhibit blurred spectra with impercepti-
ble vibrational structure. On the other hand, the
apolar DPH in all solvents and the polar derivatives
in the apolar solvent hexane demonstrate discernible
vibrational structure. This is due to the strong
dipole—dipole interactions which broaden the ener-
gies of the individual vibrational states resulting to
mutual overlap and obliteration of the vibrational
spectral structure when polar chromophores are dis-
solved in polar solvents.

It is interesting to note that the nitro derivative
does not emit when dissolved in alcoholic media. To
study this peculiarity we have measured the fluores-
cence lifetime T(exp) of a 1.25 X 107® M solution
of DPH-NO, in p-dioxane and in three other solu-
tions prepared by the separate addition to the previ-
ous solution of 0.68 M, of methanol, of ethanol and
of ethylene glycol. In these three solutions 7(exp)
was found to be equal to that in the solution of pure
p-dioxane, viz. 1.48 ns, indicating that the fluores-
cence quenching is caused by a ground state com-
plex formed between DPH-NO, and the added alco-
hol. To determine the strength of these complexes,
we performed a Stern—Volmer type titration on the
DPH-NO, in p-dioxane, using methanol, ethanol
and ethylene glycol as the quencher. The association
constants thus obtained were 8.6 X 107> M~! for
methanol, 3 X 1072 M~! for ethanol and 1.25 M™!
for ethylene glycol. These numbers are in agreement
with the increasing hydrogen bonding ability in the
order ethanol, methanol, ethylene glycol, therefore
we have concluded that ground state H-bonding is
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responsible for the lack of fluorescence from DPH- proposed to account for the so-called solvatochromic

NO, in alcohols. shift, defined as the difference wv(abs),, —

Among the various theories which have been v(fluo),,,, between the absorption and fluorescence
DPH

Fluorescence Intensity

|-
25000 20000 15000

Wavenumbers

Fig. 4. Fluorescence spectra of DPH, DPH-N(CH,), and DPH-NO, in various solvents. (1) hexane; (2) benzene; (3) acetonitrile; (4)
ethanol; (5) butanol; (6) chloroform; (7) methanol; (8) p-dioxane.
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maxima, the one by Lippert [25] is the simplest and
also the most widely employed. The theory ignores
any specific solvent—solute interactions and deals
only with the general solvent effects, which are the
result of dielectric interactions, viz. multiple mo-
ments and polarizability properties of solute and
solvent molecules, described collectively as ‘solvent
polarity’. The important solvent parameter is the
orientation polarizability A, expressed in terms of
the dielectric constant and the refractive index of the
medium as Eq. (1)

A=(e—1)/(2e+ 1)~ (nh —1)/(2n} +1)
(3

The theory predicts that the solvatochromic shift

(SS) between the absorption and fluorescence max-
ima, is to a good approximation,

2A CXC_MI'Z
A b~ M) 4)
AcR

In Eq. (4), # and c are the Planck constant and the
velocity of light, w.. and p, are the dipole mo-
ments of the solute in the excited and ground state,
R is the radius of the Onsager cavity of the solute
and C is a constant. Plots of SS vs. 4; are shown in
Fig. 5 for DPH and derivatives II and III. Consider-
ing the very approximate nature of the Lippert equa-
tion, the agreement between theory and experiment
is quite satisfactory. From the slope of the straight
lines the increase of the dipole moment of the two

SS(ecm ') = +C
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Fig. 5. Solvatochromic shift of DPH (O), DPH-N(CH3;), (0) and DPH-NO, () in various solvents vs. solvent orientation polarizability
A=(e—1)/2e+ 1)~ (nd —1)/Qn} + 1)



G. Pistolis, A. Malliaris / Chemical Physics 226 (1998) 83-99

92

‘a1mxTul auejuadosi—ouexeyo[oAo[Ay1ow 10] Jures ay) a1e A3y} ‘(¥) VJHd 10} UmOYs os[e dIe s31doNosIue (SAUI] PIYSEP) SOUIDSAION[Y PUE (SSUI| PI[OS) UONEIOXE “(Saul[ PI[Os) N LL
puE (saur] panop) I £6 e () AmXIW |:¢ ueiuadosiauexayo[oAS[AIsu B Ul pue (8) Vdd U ‘ON-HJA ‘%(*HO)N-HJJ ‘HdQ Jo enoads 0usdsa1onyy pue uoneoxy 9 “8ig

01 X SIOqUINUSABA

A)ISud)u] 90U3ISION]] PUB UOHBIIXT

~ -
\, UOIBIIOXD

1

[}
[y
[}
\
\
)

"TJOSTUR ‘JIOXD _

10

70

€0

0

(1) Adonosiuy 95udds3I0N[] PUB UONBUIXY



G. Pistolis, A. Malliaris / Chemical Physics 226 (1998) 83—99 93

molecules upon excitation can be estimated, thus we
found p. — py, =7D and 10D for the dimethyl-
amino and the nitro derivative, respectively. Interest-
ingly enough, although the Lippert equation is valid
only for protic solvents, the experimental points of
DPH-N(CH,), dissolved in alcohols, lie neverthe-
less on the same straight line as the other points
corresponding to aprotic solvents. Note, that the
widely employed biological fluorescence probe pro-
dan, in a similar plot exhibits two differently dis-
posed straight lines, one for protic and another for
aprotic solvents [26]. Finally it should be noted that
while alcohols quench the emission of DPH-NO,,
they do not seem to affect much the fluorescence of
DPH-N(CH,),.

The fluorescence behaviour of the derivative
molecules differs from that of DPH also with regard
to the Stokes shift. This shift is ca. 900 cm™! in II
and III dissolved in the inert solvent hexane, com-
pared with the ca. 3000 cm™! measured in DPH
(Fig. 1a). At liquid nitrogen temperature the Stokes
shift becomes less than 250 cm ™! for the derivatives
in an aliphatic glass, while is still large for DPH
(Fig. 6b). Other equally important difference in the
emission spectra of the amino and nitro molecules on
the one hand and DPH on the other is the absorp-
tion—fluorescence mirror image relationship, which
is demonstrated by the derivatives but not by DPH.
This mirror image symmetry was shown to hold in
the case of the derivatives by deconvoluting the
spectra using gaussian type functions. For instance,
in the case of DPH-NO, in hexane (Fig. 1a), the
spacings between the first three absorption peaks
were found equal to 1289 and 1272 cm™!, while the
corresponding energies in fluorescence were 1287
and 1300 cm ™. Similarly, the heights of the corre-
sponding absorption—emission peaks were closely
equal, in agreement with the mirror image relation-
ship. Beyond the third absorption peak there is inter-
ference from the next electronic transition and it is
difficult to extract the spacings between the higher
energy peaks as well as their relative heights.

3.3. Temperature effect

The effect of temperature on the fluorescence is
nearly zero in DPH but very important in the deriva-

tives. This is shown in Fig. 6 where absorption—fluo-
rescence spectra of the three molecules in the apolar
mixture 5:1 methylcyclohexane:isopentane, and the
partially polar EPA (5:5:2, isopen-
tane:ethylether:ethanol) at 293 K and at liquid nitro-
gen temperature are reproduced. At lower tempera-
ture the absorption spectra of all three molecules, in
both polar and apolar solvents, demonstrate a red
shift with respect to the room temperature spectra.
This stabilization of the excited Franck—Condon
states is attributed to the increase of the solvent
refractive index occurring at lower temperature, and
the ensuing increased electron polarizability of the
solvent molecules. Evidently, this shift is larger when
the solute is polar and possesses permanent dipole
moment in the excited state than when it is apolar.
This behaviour is clearly exhibited by the absorption
spectra of Fig. 6. In contrast, in the low temperature
fluorescence spectra, the situation is different be-
tween polar and apolar solvents. Thus, when the
solvent is apolar the excited state stabilization de-
pends only on refractive index, and therefore in-
creases with decreasing temperature, resulting to flu-
orescence red shift with respect to the high tempera-
ture spectrum. This is evident in the fluorescence
spectra of the derivatives dissolved in the apolar
methylcyclohexane:isopentane mixture (Fig. 6b).
However, when the solvent is polar it stabilizes the
excited state not only on account of its refractive
index but also by means of the reorientation of its
molecules due to interactions of their permanent
dipoles with the solute dipole moment. At low tem-
peratures, though, when the solvent is frozen, reori-
entation is not possible and therefore the stabilization
of the excited state is less than at room temperature.
Consequently, the fluorescence spectra are expected
to shift to the blue when the temperature is lowered
from 293 to 77 K, exactly as shown in Fig. 6a. Note,
that the fluorescence of DPH is temperature indepen-
dent because of the already mentioned forbidden
character of the corresponding transition. Clearly, all
the above differences in the emission behaviour of
DPH and its two derivatives, viz. solvent and tem-
perature dependence, Stokes shift and absorption—
fluorescence mirror image symmetry, point to the
conclusion that, contrary to what happens in DPH,
the fluorescence of DPH-N(CH,), and DPH-NO,
originates from the same excited state which was
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created by the absorption of light, and which has an
allowed transition moment to the ground state.

3.4. Fluorescence quantum yields

The fluorescence quantum yields of I, II and III in
various solvents are listed in Table 1. From these
data it becomes evident, that &, exhibits a general
tendency to decrease as the dielectric constant of the
solvent increases, and also that DPH has a higher
quantum yield than its two derivatives in all solvents.
Both these trends can be rationalized in terms of the
increasing solute—solvent interactions as € increases,
particularly when the solute is polar, like the two
derivatives of DPH. These increased interactions re-
sult to stabilization of the emitting state, i.e., de-
crease of the S,—S, energy gap, as clearly demon-
strate by the red shifts of the corresponding fluores-
cence spectra in Figs. 1, 2 and 4. This decrease of
the energy gap between the first excited singlet and
the ground state increases the probability for radia-
tionless deactivation, and explains the decrease of &
with increasing €. Moreover, the stabilization of the
S, state is larger in the polar derivatives, due to the
stronger solute—solvent interactions, than in the apo-
lar DPH, and this is the reason for the higher &,
values in DPH than in the derivatives. There is
however an exception to the general tendency of
decreasing @, with increasing €. This is the case of
DPH-NO, in hexane which has an extremely low
quantum yield equal to 2 X 107 £ 1 X 107>,

The feeble fluorescence of DPH-NO, when it is
dissolved in aliphatic environment (hexane and other
alkanes) was studied as a function of temperature
between 293 and 77 K. For an assumed number of n
temperature dependent radiationless deactivation
paths of the first excited singlet state, the well-known
Arrhenius type equation [27]

A’l En
~E[ng- ) ®

holds, where k. = @,/ 7(exp) is the fluorescence rate
constant, assumed to be temperature independent, E,
is the energy barrier for the nth radiationless path,
and A,, R, T are the usual parameters of the Arrhe-
nius equation. In accordance with this equation, we
have measured the temperature dependence of the

In[(1-®y) / &

2 |
D =092~
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T K

Fig. 7. Arrhenius plot of the temperature dependence of the
fluorescence quantum yield for DPH-N(CH,), (O) and DPH-
NO, (a).

quantum yield of DPH-NO, in hexane in the range
293 to 220 K, and for comparison, we have also
measured the ®@; of DPH-N(CH,),, which does not
present the problem of the very low quantum yield in
hexane. The results are shown in Fig. 7 and they
indicate that the activation energy barrier for the
radiationless transition is ca. 2.9 kcal /M in the case
of the nitro and 5.8 kcal /M in the amino derivative.
Both these values fall within the range of activation
energies reported in the literature for cis—trans iso-
merization of similar molecules [28]. However, the
important point is that although the relative fluores-
cence quantum yield of the nitro derivative increases
by approximately 10-fold when the temperature is
lowered down to 220 K, the absolute value of @;
remains very low, it does not exceed 0.015, while
the corresponding @, of the amino derivative be-
comes as high as 0.92 at 220 K. Evidently, there
must be an additional deactivation path (or paths)
which accounts for the observed large loss of excita-
tion in DPH-NO, /hexane. To search for the fate of
the excitation in DPH-NO, we have looked at even
lower temperatures using the glass forming mixture
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of methylcyclohexane:isopentane 5:1, in which the
quantum yield of DPH-NO, at room temperature is
as low as it is in hexane. The new data, also plotted
in Fig. 7, show that the high temperature barrier in
this solvent is 3.6 kcal /M, i.e., about the same as in
hexane, whereas below ca. 120°K another energy
barrier enters the picture, with considerably lower
energy, E =043 kcal/M, and therefore less pro-
nounced temperature dependence, than the previous
barrier. Extrapolation of the Arrhenius plot to the
limit &; =1, and assuming that no additional pro-
cesses of radiationless decay appear below 120 K,
shows that at ca. 32 K the quantum yield will
become equal to one. Note that the corresponding
temperature for the amino derivative, estimated from
a similar extrapolation of its plot in Fig. 7, is ca. 208
K.
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3.5. Effect of viscosity

The evidence that the low fluorescence quantum
yield in alkanes may be related to trans—cis photo-
isomerization, has suggested the study of the effect
of the viscosity of the medium on ®,. We have
measured the quantum yield of DPH and of its two
derivatives, in hexane—nujol mixtures of varying
composition from 100% hexane to 100% nujol, hav-
ing viscosity varying from 0.3 to 120 cP. The results
are depicted in Fig. 8 in terms of the ratio of the
values of @; in the mixture and in pure hexane,
@, (mix)/ P(hex), vs. the vol% of nujol in the
mixture. In DPH this ratio is practically independent
of viscosity, but in the derivatives it increases with
viscosity, the increase being much larger in the nitro
derivative. This different rise of @, with viscosity in

!
6 —
@, (mixt.)
@, (hex)) A
4
A
2+ -
...... ‘U“-.‘
n:::::::2::1::::::::8:::::::: ................... P )
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% volume of Nujol in hexane

Fig. 8. Plot of the ratio of the fluorescence quantum yield in the nujol-hexane mixture over the quantum yield in pure hexane vs. vol% of

nujol in hexane. (O) DPH; (O0) DPH-N(CH,),; (») DPH-NO,.
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the two derivatives is in good qualitative agreement
with the higher activation energy derived from the
Arrhenius plot of Fig. 7, for the presumed trans—cis
isomerization, viz. E, ;. = 5.8 kcal/M and E ;=
2.9 kcal/M). In other solvents than alkanes, it is
difficult to discuss the effect of the viscosity on @,
because other parameters, e.g., dielectric constant,
the refractive index, the hydrogen bonding ability of
the solvent etc, affect the measurement of the quan-
tum yield. However, data from the literature [18] for
the quantum yield of DPH in alcohols of different
viscosity, show a lesser variation of @, than in the
amino derivative, e.g., our measurements have shown
that the ®@; of DPH-N(CH ), rises from ca. 0.029,
when the solvent is methanol (viscosity 0.5) to 0.037
in ethanol (visc. 1.2) to 0.1 in ethylene glycol (visc.
20), whereas the &; of DPH goes from 0.23 in
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methanol only up to 0.37 in r-butanol (visc. 2.95).
The nitro derivative does not fluoresce in alcohols.

3.6. Fluorescence lifetimes

The experimental fluorescence lifetimes, listed in
Table 1, show the same trend with that of @, thus
t(exp) decreases as € increases, with the exception
of DPH-NO, in hexane which again behaves differ-
ently. The origin of this trend is the same as that of
the variation of @; with €, viz. energy stabilization
of the emitting state due to the increased solute—
solvent interactions. The radiative fluorescence life-
time 7(rad), being the ratio of the two similarly
varying parameters, ®; and 7(exp), shows a rather
small variation for the same solute in the different
solvents, with the exception of DPH-NO, in hex-
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Fig. 9. Plot of fluorescence anisotropy (r) vs. vol% of nujol in hexane. (O) DPH; (1) DPH-N(CH ),; (4 ) DPH-NO,.
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ane. 7(rad) is however, quite larger in the parent
molecule DPH than in the derivatives, particularly
the DPH-N(CH,),. Finally, the intrinsic fluores-
cence lifetimes 7(intr), determined from the absorp-
tion spectra [17], are very much the same, within a
factor of less than 2, for each one of the three
polyenes in all solvents. An important parameter
however is the ratio 7(rad) / 7(intr), which is close to
one for the two derivatives (within a factor of 2), but
it is as large as 10 in DPH. This discrepancy between
the parent molecule and its derivatives is attributed
to the different nature of the emitting state in the two
cases. In DPH the fluorescence is symmetry forbid-
den, whereas in the derivatives it is allowed and
therefore 7(rad) is ordinarily expected to be approxi-
mately equal to 7(intr). The magnitude of the experi-
mental fluorescence lifetime 7(exp), on the other
hand, in association with the viscosity of the medium,
is the determining factor for the value of the fluores-
cence anisotropy 7, and therefore it influences the
application of these molecules as fluidity probes.

3.7. Fluorescence anisotropy

The fluorescence anisotropy is defined as r=
(Iyy — Glyy) /Uy + 2Glyy), where I stands for
the fluorescence intensity and the subscripts describe
the vertical or horizontal settings of the excitation
and fluorescence polarizers. The factor G = Iy / Iyy
compensates for any differences in the instrument
response between vertically and horizontally polar-
ized light [29]. The maximum possible r values,
Fmax = Fo» Were measured in vitrified solutions, viz.
glycol at 220 K and in EPA and
methylcyclohexane:isopentane 5:1, at 77 K, to pre-
vent any rotation of the fluorophor. We found r, =
0.38 for all three molecules. Note, that the r, values
reported in the literature for DPH range between
0.36 and 0.39 [30,31]. As is seen in Fig. 6, the value
ro = 0.38 is constant at all wavelengths above 360
nm (below ca. 28000 cm™'), i.e., across the entire
range of the lowest electronic transition. The maxi-
mum possible value of r,, when the absorption and
fluorescence transition moments are exactly parallel
is r,=0.4, the values found here, viz. r,=0.38,
indicate that the absorbing and emitting transition
moments deviate by approximately 10° from being
parallel to each other. it is interesting, that although

in DPH two different states are involved in absorp-
tion and emission, viz. the 1Bu and the 'A ¢» Tespec-
tively, whereas in the derivatives the same state
absorbs and emits, still in both cases emission and
absorption transition moments deviate by the same
angle of ca. 10°. The room temperature r values of
the two derivatives are listed in Table 1 for solvents
ranging in viscosity from ca. 0.3 to 1.2 cP. DPH is
not included in this list because its r values are very
low, less than 0.01, in all solvents with common
viscosities, and therefore r cannot be determined
with accuracy. The reason for this is that DPH has
very long 7(exp) compared with its rotational corre-
lation time, 7(corr), in non-viscous media [32]. Thus,
from the Einstein equation, 7(corr) = nV / RT, where
7 is the viscosity of the solvent, V the molecular
volume of the fluorophore, R the gas constant and T
the absolute temperature, 7(corr) for DPH in hexane
is estimated to be ca. 0.025 ns at room temperature
(molecular volume of DPH = 207.4 c¢cm?) [33]. The
corresponding fluorescence lifetime, on the other
hand, is many times longer, 7(exp) = 15.9 ns, there-
fore DPH has enough time to tumble many times
before it emits, resulting in the total randomization
of its fluorescence anisotropy. The derivatives, on
the contrary, and in particular DPH-N(CH ;),, which
have similar 7(corr) with DPH, have nevertheless
much shorter fluorescence lifetimes (Table 1), there-
fore their r values are rather sensitive to the viscos-
ity of the environment. The dependence of r on the
viscosity of the environment —expressed in terms of
the composition of a hexane—nujol mixture— is
shown in Fig. 9 for I, II and III. It is seen that the
fluorescence anisotropy of DPH-N(CH,), in an
aliphatic environment, is more sensitive to the vis-
cosity than the r of the two other homologues.

4. Conclusions

The main conclusions of the present study can be
summarized as follows. (1) In Contrast to the parent
molecule DPH, the absorption and emission in the
derivatives involve the same excited state, with the
corresponding transitions allowed. (2) The fluores-
cence quantum yields decrease with increasing sol-
vent polarity, except the nitro derivative in hexane
which shows anomalous behaviour due to a small
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energy barrier of a radiationless deactivation path.
The same trend is exhibited by the lifetimes, 7(exp).
(3) The viscosity of the environment has a sizable
effect on the quantum yields of the derivatives (more
pronounced in DPH-N(CH,),), but nearly non in
DPH. (4) Because of differences in fluorescence
lifetimes 7(exp), the fluorescence anisotropy is
strongly dependent on the viscosity in DPH-
N(CH,), but less so in DPH and the nitro derivative.
(5) Finally, the two derivatives prove to be excellent
fluorescent probes, as concluded by the fact that their
emission spectra show great dependence on the sol-
vent polarity, whereas their fluorescence anisotropy
depends on the viscosity of the medium.
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