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Abstract.

As evidenced by temperature-dependent wide-angle X-ray diffraction (WAXD), the ther-

mochromism of the continuous and time-resolved (nanosecond time scale) fluorescence behaviour of
1-phenyl-4-[(4-cyano- 1-naphthyl)methylene]piperidine (fluoroprobe) dissolved in octadecyl octa-
decanoate is shown to be a highly sensitive probe for a phase transition in the solid state occurring

in the latter.

Introduction

1,1-Phenyl-4-[(4-cyano- 1-naphthyl)methylene] piperidine
(fluoroprobe**) displays a strong and highly solvato-
chromic charge-transfer (CT) fluorescence from a dipolar
excited state [D*—A - ]*, which is populated by rapid photo-
induced intramolecular charge separation after excitation’+.
Recently, we have shown that the emissive behaviour of
fluoroprobe, when dissolved in either amorphous® or crys-
talline* polymeric matrices, is markedly affected by the
medium mobility of the matrix sites which accomodate the
probe molecule. Temperature-dependent continuous and
time-resolved fluorescence measurements showed that re-
laxation of the dipolar excited state [D‘-A-]* becomes
impaired on the photophysical time scale leading to fluore-
scence from non-relaxed excited states. In this paper we
report some remarkable observations made during tempe-
rature-dependent continuous and time-resolved fluorescence
measurements of solid solutions of fluoroprobe in crystalline
octadecyl  octadecanoate  [CH,-(CH,),,—-0—-(CO)-

—(CH,),,— CH;; m.p. 334K], which reveal that the emissive
behaviour of fluoroprobe can be a sensitive probe or the
occurrence of phase transitions in the solid state.

O
** Chemical Abstracts name: 4-[(1-phenyl-4-piperidinylidene)-
methyl]-1-naphthalenecarbonitrile.

CN

Results and discussion

In Figure | the temperature dependence of the fluorescence
maximum position of fluoroprobe in octadecyl octade-
canoate is presented. In all cases, only one characteristic
broad CT emission band was observed; the width and shape
of the band remained nearly the same (FWHM 1875 cm !,
red edge of the CT emission band). Upon heating, the
fluorescence maximum initially undergoes a bathochromic
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Figure 1. Temperature dependence of the CT fluorescence
maximum of fluoroprobe dissolved in octadecy! octadecanoate
as detected by continuous and time-resolved emission spectro-

scopy. From the latter measurements, maxima observed at a

delay with respect to the excitation pulse of <5 ns (‘initial’) and
260 ns (‘final’) are indicated.



508 Leonardus W. Jenneskens et al. / Fluoroprobe as a sensor for phase transitions in the solid stute

shift. This is in fact the normal behaviour, i.e. with increasing
temperature relaxation pathways leading to a stabilization
of the dipolar excited state [D*-A - ]* will become available
on the photophysical time scale. It should be noted, however,
that in previous experiments with amorphous polymeric
matrices, i.e. poly-(methyl methacrylate)', a much less steep
rise of the fluorescence maximum with temperature below
the glass transition temperature was found. Even more
unexpectedly, a pronounced hypsochromic shift of the
fluorescence maximum with increasing temperature is ob-
served in the temperature regime 20-30K below the melting
point of the crystalline matrix resulting in a situation where
the fluorescence in the mobile molten matrix occurs at a
considerably shorter wavelength than in the solid matrix,
around 300K! This implies that over a limited temperature
range, i.e. 280-300K, the solid matrix exerts a stronger
stabilizing effect on the dipolar excited state [D*-A-]* of
fluoroprobe than can be achieved by the same matrix in a
mobile molten condition where the molecules are free to
respond to the orienting effect of the dipolar field exerted by
that excited state®. To gain insight in the dynamics of the
relaxation of the dipolar excited state [D-A-]* of
fluoroprobe, temperature-dependent time-resolved fluore-
scence spectra were measured. In Figurel also the
initial fluorescence maximum (A, ), determined within 5 ns
of laser excitation, and the final wavelength (A, ) reached
after ca. 60 ns as a function of temperature are shown.
While qualitatively both the A, and A, show a behaviour
analogous to that found in the continuous measurements,
the temperature dependence of i,, is much more
pronounced. Thus, Ax = (As, — A, ) changes considerably
as the temperature changes, indicating that the dynamical
reorganization of the dipolar excited state [D*-A-]* of
fluoroprobe 1s markedly influenced by changes in tempera-
ture. This is further substantiated by a three-dimensional
graphical representation of the temperature-dependent,
time-resolved emissive behaviour of fluoroprobe dissolved
in the octadecyl octadecanoate matrix (Figure 2). The results
illustrate the complex temperature dependence of the dy-
namics® underlying relaxation of the dipolar excited state
[D*-A"]* of fluoroprobe in the present matrix in the pre-
melting temperature region. It should be stipulated that the
observed changes in emissive behaviour of fluoroprobe con-
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comitant with temperature are reversible for both the con-
tinuous and time-resolved fluorescence measurements!
Although at first sight the results might be attributed to
partial melting processes of the crystalline matrix, differen-
tial scanning calorimetry (DSC) clearly showed that there is
only a homogeneous melting transition, which sets in at
most 10K below the peak temperature (334K). No distinc-
tive solid-solid transitions or gradual disorder, as would
have been evidenced by a deviation of the DSC trace from
the base-line below the melting point, could be observed. In
addition, with polarization microscopy also a sharp melting
trajectory of ca. 2K was found. Temperature-dependent IR
spectroscopy revealed that, in the temperature region where
the hypsochromic shift of the CT fluorescence of
fluoroprobe occurs, octadecyl oactadecanoate is a crystal-
line compound (Figure 3; splitting of the CH,-bending and
in-plane-rocking vibration, i.e. 1472 cm ' and 1464 cm !,
and 729 ¢cm ' and 720 ¢cm ™', respectively, due to inter-
molecular interactions in the solid state, and a series of
progression bands of the out-of-plane twisting and wagging
vibrations of the CH, groups in the 1200-1350 ¢m '
region, which indicate an all-trans configuration of the ali-
phatic chains)’. Broadening of the sharp bands and complete
loss of the splittings occurs only within 5K of the melting
point. In passing, we wish to remark that the observed
changes in the IR spectrum of octadecyl octadecanoate are
reversible. These results show that in the temperature region
in which the hypsochromic shift of the fluorescence maxi-
mum of fluoroprobe takes place, octadecyl octadecanoate is
still a crystalline compound. Consequently, the hypso-
chromic shift cannot be attributed to the occurrence of
partial melting of the solid matrix. Therefore, we anticipate
that the hypsochromic shift of the fluorescence maximum of
fluoroprobe is due to a phase transition of the matrix, which
may escape detection by DSC* and IR” spectroscopy. To
corroborate this interpretation temperature-dependent wide-
angle X-ray diffraction powder patterns (WAXD) of octa-
decyl octadecanoate were determined'’. In agreement with
available data for related, long-chain aliphatic esters, such
as vinyl®, ethyl®** and propyl* octadecanoate, the straight
alkyl chains of octadecyl octadecanoate crystallize in an
orthorhombic subcell (WAXD short spacings at ca. 4.1 A
and 3.7 A, Table 1). The WAXD results indicate that, in the
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Figure 2. Three-dimensional plot of the temperature-dependent, time-resolved fluorescence of fluoroprobe in octadecy! octadecanoate.
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Figure 3. IR spectrum (range 1600-600 cm~ ') of octadecy! octadecanoate measures at T < 334K and T > 334K.

temperature range in which the hypsochromic shift of the
CT fluorescence maximum of fluoroprobe occurs, octadecyl
octadecanoate indeed undergoes a phase transition. At
318K, a moderate shift of the 3.7 A short spacing to 3.8 A
sets in combination with a decrease in intensity. At 330K,
this short spacing is absent. Furthermore concomitant with
the changes of the 3.7 A short spacing, a shift of the 4.14 A
short spacing to 4.2 A takes place. This spacing, which is
indicative for the formation of a hexagonal subcell, is still
discernible in the WAXD powder pattern above 330K! It
finally disappears upon complete melting of the matrix at
334K. It should be noted that the phase transition found for
octadecyl octadecanoate upon heating, is common to many
long-chain aliphatic compounds, which show a similar be-
haviour close to their melting points®''.

Conclusion

The thermochromism of the intramolecular CT fluorescence
of fluoroprobe dissolved in octadecyl octadecanoate can be

Table I  Relevant short spacings observed with temperature-dependent
wide-angle X-ray powder diffraction for octadecyl octadecanoate in the
temperature range 298-334K.

Tem[()le(r)ature Short spacings [intensity*] (A)
298 3.73 [200] 4.14 (1450]
308 3.73 [200] 4.14 [1450]
318 3.75 [175) 4.14 [1400]
328 3.78 [175] 4.14 [1350]
329 3.80 [ 75] 4.17 [ 850]
330 - 4.18 [ 750)
331 - 4.18 [ 600]
332 - 4.20 [ 450]
333 - 4.20 [ 150]
334° - _

“* Arbitrary units. " Melting point of octadecyl octadecanoate

(cf. text).

attributed to a phase transition of the matrix sites, which
takes place 20-30K below its melting point. Preliminary
results indicate that the observed hypsochromic shift of the
fluorescence maximum of fluoroprobe is also found in other
matrices consisting of aliphatic esters, such as ethyl octa-
decanoate and octadecyl acetate. The sensitivity of the
emissive behaviour of fluoroprobe in response to a phase
transition of the solid matrix holds a promise for its appli-
cation in the characterization of solid-state micro-environ-
ments. Further experiments directed to gain insight in the
practical application of fluoroprobe are in progress.

Experimental

Preparation and characterization of octadecyl octadecanoate

Octadecyl octadecanoate was prepared by reaction of equimolar
amounts of octadecanol and octadecanoyl chloride in dichloro-
methane. The aliphatic ester was purified by recrystallization; satis-
factory NMR, MS and IR data were obtained. Differential scanning
calorimetry (DSC) was done using a Mettler DSC 30, with a
heating/cooling rate of 5K/min. Temperature-dependent IR spectra
were measured on a dispersive Perkin—Elmer 983 spectrometer
(resolution 4 cm ') using a home-built oven with temperature
controller (accuracy 1K). For the temperature-dependent IR expe-
riments a sample of octadecyl octadecanoate was applied between
potassium bromide windows and molten casu quo recrystallized in
the oven twice using a similar heating/cooling rate as in the DSC
experiments before the measurement of the temperature-dependent
dispersive IR spectra.

Continuous-fluorescence measurements

Continuous fluorescence spectra were measured on a Spex
Fluorolog 2 spectrophotometer in front-face geometry, using dilute
solid solutions of fluoroprobe (conc. < 1 mMol; A.,. 310 nm). The
spectra were corrected for the detector response. A broad CT
fluorescence band was obtained whose maximum shifted as a
function of temperature; the width and shape of the band remained
nearly the same (FWHM 1875 cm ~ '; red edge of the CT emission
band).

Time-resolved fluorescence measurements

Temperature-dependent time-resolved fluorescence spectra were
obtained using an excimer laser (XeCl, A.,. 308 nm, FWHM ca.
10 ns) or excitation and observing the emission via a spectrograph
with an electronically gated (gate width 5 ns) intensified diode-array
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detector using dilute solid solutions of fluoroprobe (conc. <
1 mMol). The system (EG & G OMA-III) allows the observation
time window to be delayed incrementally with respect to the exci-
tation pulse. The time-resolved spectra were not corrected for the
detector response.

Wide-angle X-ray powder diffraction

Wide-angle X-ray diffraction powder patterns were measured on a
special diffractometer, dedicated to real-time diffraction and equip-
ped with an RG & G diode-array position-sensitive detector and a
PAAR sample holder.
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