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Abstract: A series of photophysical measurements and semiempirical calculations were carried out with 1,4-
bis(phenylethynyl)benzene in search of evidence on the effects of phenyl group rotation and chromophore
aggregation of oligo- and poly(phenyleneethynylene)s. It is suggested that planarization gives rise to relatively
modest shifts of ca. 2630 nm, which preserve the vibronic structure of the monomer and retain a high emission
guantum yield. In contrast, it is proposed that aggregation gives rise to larger shifts and loss of vibronic structure.

1. Introduction

Organic compounds with aromatic groups that are linearly

conjugated through acetylene linkages have been the center of

much attention in the past few yed?fScheme 1). Examples
include relatively simple organic and metallo-organic chromo-
phores®# complex nanometer-scale molecular architectéfes,
and high-molecular-weight conducting polymers such as poly-
(phenyleneethynylenes)1,( Scheme 1a). Interest in these
compounds is derived primarily from their potential in a wide
variety of application®” where efficient charge transport, fast

energy transfer, and good luminescence properties are reduired.
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One of the most appealing attributes of poly(arylacetylenes)
comes from the efficient electronic communication that occurs
along their linearly conjugated structures. This effect can be
attributed, at least in part, to the cylindrical symmetry of the
triple bond, which is able to maintain conjugation between
adjacent phenyl groups regardless of the relative orientations
of their aromatic planes. One interesting manifestation of this
structural trait comes from the relatively free rotation about
alkyne—aryl single bond$§,which leads to the coexistence and
rapid equilibration of coplanar and twisted structures such as
those illustrated in Scheme 1b. While equilibration may have
no consequences in the ground state, changes in bond order
upon electronic excitation or electron injection may lead to
different properties for the coplanar and twisted structures of
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excited states and radical anions. For instance, it may be
expected that substantial changes in the rotational profiles of
the alkyne-arene single bonds occurring upon electronic
excitation will be manifested in terms of spectral shifts in

vitLes et al.

the effect of aggregation. In this paper we analyze the effect of
phenyl rotation and aggregation on the absorption and emission
properties of 1,4-bis(phenylethynyl)benzeBe(Scheme 2).
Using absorption, emission, and lifetime measurements in
solution, low-temperature glasses, and stretched polyethylene
films, we document the different spectral properties of coplanar
and twisted conformations &8 and compare those with the
spectra of aggregates in the crystal. Spectral assignments are
supported by semiempirical calculations of the ground-state
rotational potential determined with the AM1 Hamiltonian, and
by excited-state calculations as a function of interplanar angle
carried out with the ZINDO/S method.

2. Experimental Section

2.1. Materials. 1,4-Bis(phenylethynyl)benzei@avas purchased from
Aldrich and purified by chromatography and recrystallization prior to
use. Chloroform, ethanol, cyclohexane, and methylcyclohexane were
obtained from Aldrich Chemical Co. in either HPLC or spectroscopic
grade.

2.2. UV—Vis and Steady-State Fluorescencé\bsorption spectra
were recorded with either a Hewlett-Packard or a Shimadzu 3101-PC

absorption and emission. In reality, while spectral changes areUV—Vis—NIR spectrometer. Fluorescence and phosphorescence spectra

commonly observed as a function of concentration, fluidity, and
phase transitions, they are generally interpreted in terms of
excimer formation or excitonic coupling arising from cofacial
aggregatiort? The first interpretation of spectral changes in
terms of aryl group twisting and planarizatidmvas offered by
Bunz et al. while addressing the thermochromicity of alkyl-
substituted polymers such ds(Scheme 1, R= CigHy3).12
Shortly thereafter, Levitus and Garcia-Garibay showed that
planarization of monomeric 9,10-bis(phenylethynyl)anthracene
2 (Scheme 2), induced at low temperatures in stretched
polyethylene films, resulted in significant changes on the UV
absorption spectrudt. At about the same time, using self-

were recorded in a Spex-Flurolog Il spectrometer equipped with an
R 928 PMT detector and a 1943D phosphorimeter and were corrected
for nonlinear detector response. Quantum yields were determined by
using 1.0 N quinine sulfated{ = 0.546) as a standard. Phosphores-
cence spectra were obtained in methylcyclohexane glasses at 77 K.
Fluorescence signals were avoided by using aglfelay after the 10
us pulse from a xenon lamp. Decay curves were measured point-by-
point by changing the delay in %0 us steps. Up to 100 pulses per
point were accumulated, and 200 data points were typically collected
per decay.

2.3. Time-Resolved Fluorescenc&luorescence decays were mea-
sured with a time-correlated single-photon-counting fluorometer (Ed-
inburgh Instruments, model FLO9OOCDT) equipped with a pulsed H

assembled monolayers and liquid crystalline phases to facilitate discharge lamp operating at 0.4 bar (fwhf.7 ns). Signal intensities

and organize cofacial dipolar interactiol?3*Swager and co-

workers elegantly demonstrated the effects of aggregation on
the photophysics of poly(phenyleneethynylene) self-assembled

monolayers and alkyne-based mesogens.

While it is possible that most examples of spectral shifts
reported in the literature involve planarization and aggregation,
their relative contributions have remained a matter of specula-
tion. In a recently submitted paper, we analyzed an example
that illustrates the effect of chromophore aggregation without
planarization. We report that both high concentration and
crystallization of 2-fluoro-1,4-diethynylbenzenet, (R =
C(Me)OH) result in spectral broadening and a red shift of-50
80 nm in the fluorescence emissitnWith only one phenyl
ring, spectral changes in compouAdhould depend only on
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were attenuated to detect photons at a rate of 1% of the excitation source
repetition rate operating at 40 kHz. The instrumental response recorded
with scattered light from a LUDOX suspension was used to deconvolute
the short-lived fluorescence signals from the excitation pulse intensity
profile. Measurements with solid samples and with amorphous glasses
at 77 K were carried out by exciting the sample with vertically polarized
light and setting the emission polarizer at the magic angle to eliminate
polarization effects.

2.4, Semiempirical Calculations. The minimized ground-state
energies and geometries for the all-planar and twisted conformations
of compound3 were calculated with the AM1 methd@lA representa-
tive portion of the ground-state rotational potential was analyzed by
maintaining two phenyl groups coplanar while constraining the dihedral
angle formed by the third phenyl group at various$ kferements. The
electronic spectrum, including the direction of the transition dipole
moment and the oscillator strength of transitions in the-tis, was
calculated with the ZINDO/S method as implemented in the Hyperchem
packagé’ The CI matrix was calculated with the lowest 201 single
excited configurations.

2.5. Dichroic SpectroscopyThe orientation of the transition dipole
moment of compoun® was determined by the stretched polymer
method. Samples of linear low-density poly(ethylene) (Sclairfilm SL-
1, 4 mils) from DuPont Canada were extensively washed with
chloroform prior to exposure to concentrated solution3. &ilms were
stretched to about 4 times their original length prior to incorporation
of the substrate. Crystalline residues and externally adsorbed samples
were removed by exposing the film to nonswelling solvents such as
ethanol. Dichroic spectra were measured with a Shimadzu 3101-PC
UV —vis—NIR instrument equipped with a Glan-Taylor calcite polarizer

(16) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
Am. Chem. Sod 985 107, 3902-3909.
(17) Hypercube Inc., Gainsville, FL.
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Figure 2. Fluorescence excitation (left) and emission of 1,4-bis-

segg"zgfzgeﬁ)%inﬁ]ee"aiLnrirr:‘gettmCgﬂ%g?:;g;':Tg‘égx:r':]at('ggnse%e‘:tra well-resolved vibrational bands at 364, 385, 409, and 436 nm

line) andlex = 480 nm (solid line). The emission spectra were recorded (Figure 2 SolfldlSIgl()e).r;'hesr? rc]:qrrelate V.Vlihda \./tlr?rgg)nal

by excitation atlex = 265 nm (dotted line) andex = 360 nm (solid progression o cm, which 1S associated wi

line). stretching modes of the arylethynyl units in the ground state.
By comparison, emission spectra obtained upon excitation at

in the sample beam. A detailed description of the method used in this the blue edge of the absorption bandtgt= 265 nm revealed

work was published previousk. a blue-shifted spectrum with a vibronic progression that starts

. . with bands at 342 and 358 nm, and a shoulder by 390 nm

3. Results and Discussion (Figure 2, dotted line). The emission of the blue-absorbing
3.1. Structural Heterogeneity by UV—Vis and Fluores- species reveals vibronic coupling with a-C stretching mode

cence Measurements in SolutioriThe lowest energy band in  that is similar to that observed in the red-absorbing species,
the absorption spectrum @fin cyclohexane solutions occurs ~ with a progression of 1395 cmh. As discussed below, these
between 250 and 370 nm with /&gnax at 320 nm and two frequency modes are satisfactorily reproduced by frequency
shoulders at ca. 340 and 360 nm (Figure 1). Although the UV calculations with the AM1 method.
spectrum in Figure 1 appears homogeneous and samples used Excitation between 250 and 380 nm resulted in systematic
for measurements satisfied the highest purity tests, we were ablechanges in the relative intensities of the two sets of bands shown
to establish a strong spectral heterogeneity by fluorescencein Figure 2, rather than a smooth displacement of the emission
measurements in solution and in low-temperature glasses, andpectrum as a function of excitation wavelength. The observation
by absorption and emission spectra obtained in films of high- of only two sets of bands is consistent with two spectroscopically
density polyethylene. As illustrated in Figure 2, fluorescence distinguishable species rather than a continuum of structures.
measurements carried out in dilute cyclohexane solutions with A fluorescence quantum yield @b = 0.91 was determined
excitation at 265 or 360 nm produced emission spectra with for compound3 by excitation at 320 nm in dilute cyclohexane
similar vibrational resolution, but shifted by 23 nm fromi gax solutions at 298 K. The same quantum yield was obtained in
of 341 nm to 364 nm at the-€0 vibrational transition. Similarly, tetrahydrofuran solutions and by excitation at other wavelengths.
fluorescence excitation recorded by detection at 350 or 460 nm These results indicate a very efficient radiative decay for all
revealed spectral changes consistent with the presence of twahe major species absorbing at those wavelengths. Fluorescence
or more absorbing species. lifetimes measured by time-correlated single photon counting
A systematic analysis of the excitation and emission of upon excitation and detection at several wavelengths ranged
compound3 was consistent with the presence of two or more from 0.74 to 0.97 ns (Table 1). Although decays were fit to
species with different absorption and emission spectra. Excita- single exponential functions due to the limited time resolution
tion at the red edge of the absorption bandlgt= 355 nm of our instrument (see Figure 3), they are likely to be more
results in a relatively clean red-shifted emission spectrum with complex. However, a systematic trend suggests that the lifetime
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Figure 4. Fluorescence excitation (left) and emission spectra of 1,4- i compound3 calculated with the AM1 method. The thermal energy
bis(phenylethynyl)benzene in methylcyclohexane obtained at 77 K. 5t 300 K is indicated with a dotted line.

Wavelengths for excitation and detection of the red-shiffegd=€ 550 . . . .
nm, Aem = 550 nm) and blue-shifted species are indicated in the absorption and emission spectra originate from structures with

spectrum with “r” and “b”, respectively. different angles between their interaromatic planes, we carried
out a series of conformational and excited-state semiempirical
of the red-emitting species may be slightly longer than that of quantum mechanical calculations. A representative portion of
the species emitting in the blue. the ground-state rotational profile 8fwas calculated with the
3.2. Fluorescence of 3 in a Frozen Matrix at 77K The semiempirical AM1 Hamiltonian by maintaining the two
subnanosecond singlet lifetimes ®fare within the dynamic  external phenyl groups coplanar while constraining the dihedral
range experienced by molecular motions in fluid solutions at angle formed by the plane of the central phenyl group to various
ambient temperature. The strong wavelength dependence andncrements of 15" As expected, rotation of the central ring
short excited-state lifetimes of compouBiduggest that emission ~ revealed a very shallow potential with a fully planar energy
may originate from excited states that are not able to reach Minimum that is only 0.5 kcal/mol below the perpendicular
equilibrium within their lifetimes. Our attempts to measure the transition state (Figure 5). The calculated energy minimum is
expected time evolution of the fluorescence spectra by time- in good agreement with the X-ray structure fwhich was
resolved spectroscopy were not successful due to the limitedrecently reported by Li et af
time resolution of our instrument. However, to test this idea  Although smaller energy changes were observed when only
and to obtain more information on the spectra of the two one of the external phenyl groups was twisted, no additional
distinguishable species, we determined the excitation andMinima were observed. Frequency calculations confirmed that
emission of3 in methylcyclohexane glasses at 77 K, under perpendicular conformations correspond to transition states for
conditions where most molecular motions should be frozen. rotation about the triple bonds. The structure with one of the
Excitation scans were carried out by detection at the blue edgeexternal rings in a perpendicular position contains a single
(A = 350 nm) and the red edgé € 450 nm) of the emission imaginary frequency corresponding to its torsional motion about
spectrum. These gave rise to well-resolved spectra with strongthe alkyne-phenyl single bond. The structure with the central
0—0 bands shifted by about 20 nm from each other, which are ing in a perpendicular position with respect to the outer two
labeled “b” and “r" (for “blue” and “red”) in Figure 4. The  Possesses two imaginary frequencies that correspond to rotation
emission spectrum obtained upon excitation at 320 nm is shown©f the two external rings in either the same or opposite
in the right frame of the figure. The large increase in the directions. Frequency calculations also suggest that modes near
resolution of the excitation spectra at 77 K is particularly 1500 and 1395 cnt, which are responsible for vibronic
noteworthy. While results at ambient temperature had estab-coupling in the emission spectra, are associated with phenyl
lished two emitting species with their spectra shifted from each and alkyne €-C stretching modes along the long molecular
other by 22 nm (Figure 2), the absorption and excitation spectra aXISs.
at ambient temperature are broad and lacking structure (Figures It is expected from ground-state calculations that the instan-
1 and 2). The high resolution of the excitation spectrum at 77 taneous angle of rotation between phenyl groups in the ground
K supports a model where there may be a large number of State at ambient temperatures will be determined by their
absorbing structures in a dilute fluid at ambient temperatures, moments of inertia and by friction with the medium. However,
but where there are only two distinguishable absorbers uponWhile itis expected that all possible rotamers will be represented
freezing the sample in a rigid medium. Key to this interpretation in the ground state, the wavelength dependence of the absorption
is the assignment of the red and blue species to coplanar andtnd emission spectra must be determined by the energetics of
twisted structures possessing different interaromatic rotational the excited-state potential. The first indications of this effect
angles. As discussed below, the blue species is assigned t&an be obtained by molecular orbital analyses of the planar and
twisted structures, and the red one is assigned to coplanar 1,4iwisted conformations of compourgl The main clues come
bis(phenylethynyl)benzer# from the extent of frontier orbital delocalization as a function
3.3. Semiempirical Calculations It is well known that the ~ ©f rotational angle, and from the changes in bonding and
rotation of groups attached to tr|p|e bonds is essentia"y antibonding interactions between the atomic orbitals that
frictionless in the ground stafeln the case of acetylenes, the ~constitute thes-bonds connecting the phenyl and acetylene
cylindrical symmetry of ther-system allows for the rotationally ~ groups (Figure 6).
uninterrupted conjugation of aromatic groups attached at the ™ (18) i H.; Powell, D. R.; Firman, T. K.; West, Rlacromolecued 998
two ends of the triple bond. To test whether changes in the 31, 1093-1098.
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LUMO (Coplanar) profile shown in Figure 7. The ZINDO/S calculations over-
. , estimate the energy of the transition and predict a maximum

\:.— shift of 36 nm as the structure of compouddhanges from a
4( THEE —>_ coplanar conformation to one where the central phenyl ring is
A . ' v perpendicular to the other two. While qualitatively correct, this
/ - . \ AR result is only in fair agreement with the experimentally observed
shift of 22 nm. The ZINDO/S calculations also predict that the
HOMO (Coplanar) excited-state rotational energies increase sharply at angles that
Figure 6. Frontier orbital representations for the twisted (top) and are close to the perpendicular transition state and that they are
planar (bottom) structures of compourd Notice that the twisted relatively shallow near the energy minimum. Calculations
conformation is not an energy minimum. predict that the magnitude of the transition dipole moment is
larger for the planar structure than for the twisted one, and that
The electronic properties and frontier orbital delocalization all of the lowest energy transitions lie along the long axis of
in coplanar and twisted conformations of diarylalkynes were the molecule. Some of these predictions can be tested experi-
recently analyzed by Seminario and Tour in the case of tolane mentally by carrying out dichroic measurements using the
(1,2-diphenylacetylenéy. Similar effects can be observed in  stretched polyethylene film methd8.
the case o8, where the HOMO and LUMO of the twisted and 3.4. Planarization and Dichroism of 3 in Polyethylene
planar conformations extend to varying degrees over the nuclearrilms. The stretched film method is used to prepare dichroic
frame. The importance of phenyl group rotation in the excited samples with chromophores macroscopically aligned along the
state is also suggested by the changes in bonding interactionsstretching directiod It is well known that the main location
that are expected upon electronic excitation. While single bonds of guest molecules is at the interface of amorphous and
between alkyne and phenyl groups are expected in the groundcrystalline regions, and that stretching has the effect of aligning
state for all rotational angles, occupation of the LUMO in the poth the polymer chains of the matrix and the molecules
excited state is expected to influence the bond order differently absorbed therein. The main purpose of the polymer film method
in the planar and perpendicular structures. The LUMO of the s to determine the orientation of the absorption transition dipole
planar structure is delocalized over the entire molecule and givesmoments. However, it is also known that stretched polymers
a cumulene-type bonding pattern between the three phenylfiims can induce local micromorphological changes, including
groups. In contrast, the LUMO of the perpendicular structure a reduction of the average free molar voluth@he selection
resembles the LUMO of a diethynylbenzene, suggesting a moreof certain guest structures upon applied stress in polyethylene
localized excited state. Given these differences, it is reasonablefiims has been documented in poly(phenylenevinylei®)s.

that rotation about the phenyalkyne bond should undergo Results obtained with compoudare consistent with strong
important energetic changes while going from the ground state dichroism and planarization (Figures 8 and 9). The incorporation
to the excited state. of compoundB in a polyethylene film proceeded with efficiency

As a test of our reasoning, we carried out semiempirical from concentrated chloroform solutions. The dichroic UV
calculations of the electronic spectra and vertical transitions for absorption spectrum obtained with films stretched to about 4
each of the ground-state conformations previously optimized times their original length is shown in Figure 8. The spectrum
with the AM1 method. Single-point calculations were computed obtained with the polarizer axis parallel to the stretching
with the ZINDO/S method. The CI matrix was computed with 20) (@) Michl, I Thulstrup. E. Wepectioscopy with Polarized Light

: A - . ichl, J.; Thulstrup, E. Yy Wi ized Light:
the _Iowest_20_l single _eXC'ted_State configurations, and the Solute Alignment by Photoselection. Liquid Crystals, Polymers and
vertical excitation energies obtained were added to the ground-MembranesVCH Pubiishers: New York, 1995. (b) Thulstrup, E. W.; Michl,

state potential in Figure 6 to build the excited-state rotational J.J. Am. Chem. Sod982 104, 5594. _
(21) (a) Talhavini, M.; Atvars, T. D. Z.; Schurr, O.; Weiss, R.Ralymer

(19) (a) Chen, J.; Reed, M. A.; Rawlett, A. M.; Tour, J. 8tiencel999 1998 39, 3221-3232. (b) Talhavini, M.; Atvars, T. D. Z.; Cui, C.; Weiss,
286, 1550-1552. (b) Seminario, J.; Zacarias, A. G.; Tour, J. M.Am. R. G.Polymer1996 37, 4365-4374.
Chem. Soc200Q 122, 3015-3020. (c) Seminario, J.; Zacarias, A.; Tour, (22) Hennecke, M; Damerau, T.; Muellen, Macromolecule4993 26,

J. M. J. Am. Chem. S0d.998 120, 970-3974. 3411-3418.
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Figure 10. Excitation and emission spectra of sampleg abtained
in solution and in the crystalline solid state. Proposed structural

:zhespg;rrﬁrir g)é':s%?;%e\;‘lgf tlrl]z;r tglg;iez::rggi;:mgrglllreelcttcl)ot?léss(t)rlftc“hniﬁ: assignments, as illustrated in Scheme 3, are indicated next to each pair
zSP P P 9 of spectra. The excitation spectra were acquired, from top to bottom,

direction. by detecting the emission dtn = 350, 350, and 265 nm. The
corresponding emission spectra were obtained with excitation wave-
lengths atlex = 360, 360, and 265 nm.

polystyrene films, and in the crystalline solid state. It was shown
that compoun@ crystallizes in a planar conformation with close
cofacial contacts of 3.48 A between aryl and acetylene groups
of adjacent molecule.Measurements carried out by us in the
solid state are illustrated in Figure 10 (top). Spectra assigned
to the coplanar and perpendicular monomer structures, obtained
in cyclohexane by excitation at the red (middle spectrum) and
blue edges (bottom spectrum) of the absorption spectrum, are
also included for comparison. In agreement with the findings

Figure 8. Dichroic UV spectra of 1,4-bis(phenylethynyl)benzene in a
stretched polyethylene film. Dotted lin&, spectrum measured with

Intensity (a.u.)

A of Li et al., the excitation and emission spectra of the crystalline
300 400 300 40 00 aggregates are red-shifted by ca—BD nm with respect to the
Wavelength (nm) spectra obtained in dilute solutions. As in previous literature

Figure 9. Fluorescence excitation (left) and emission (right) spectra reports, it was also found that crystalline aggregates display a
of 1,4-bis(phenylethynyl)benzer@in polyethylene films at 298 K significant loss of vibrational resoluticii.Finally, it should be
(bottom) and at 77 K (top). The excitation spectra were collected by noted that a strong overlap between excitation and emission
measuring the emission & = 360 nm, and the emission spectrawere  hands may be responsible for some distortion on the blue edge
recorded by excitation ate, = 300 nm. of the emission as a result of self-absorption.

direction is shown with a solid line, and the spectrum obtained ~ 3.6. Concentration Effects in Solution: Aggregation-
with the polarizer rotated by 90s shown with a dotted line.  Induced Planarization. A significant redistribution of vibra-
The dichroic ratioEz/Ey, which is given by the intensity of the  tional intensities observed as a function of concentration in THF
absorption along the two directions, indicates a nearly constantsolutions ranging between 10and 102 M was assigned by
polarization along the entire band and is suggestive of a pureLi et al. to chromophore aggregation. Similar measurements
transition. The dichroic spectrum reveals very high orientation carried out by us were shown to present a strong wavelength
factors Kz ~ 1.0 andKz =~ 0.0), which indicate a nearly ideal ~ dependence, such as those illustrated in Figures 2 and 4. While
alignment of molecules having their long axis along the there is no doubt that an increase in concentration should
stretching direction, as expected from the rigid rodlike structure increase the population of aggregated species, we suggest that
of compound and from the direction of the calculated transition  the spectral changes reported by Li et al. are dzggregation-
dipole moment. Furthermore, the fluorescence excitation and induced planarizationrather than formation of observable
emission obtained witl8 in polyethylene films at ambient  cofacial excimers or excitonic interactions. As illustrated in
temperature and at 77 K are also consistent with a high degreeScheme 3, we propose that relatively disordered aggregates may
of planarization (Figure 9). The resolution and intensity of red lead to planarization of the phenyleneethynylene moieties long
edge absorption bands are significantly higher than those before a structurally demanding and spectroscopically observable
observed in solution (see Figures 1 and 2). A further increase cofacial interaction may occur. We noticed that the wavelength
in the population of the lower energy coplanar rotamers was dependence @ remains unchanged in different solvents, over
also observed by the increased resolution upon lowering thea wide concentration range, and at very low concentrations
temperature from 298 to 77 K. The excellent agreement between(<10~7 M). We suggest that spectroscopically observable
the absorption and fluorescence excitation spectra in the polymercofacial interactions in solution should be similar to those
film is also an indication of increased structural and dynamical observed in the solid state and should require a more ordered
homogeneity. aggregation than that attained in concentrated THF soluffons.
3.5. Aggregation in the Crystalline Solid State The effect (23) (a) Lewis, F. D.; Yang, J.-S.; Stern, C.L.Am. Chem. S0d996

; ; ; 118 2772-2773. (b) Lewis, F. D.; Yang, J.-S. Phys. Chem. B997,
of cofacial aggregation on the photophysics dhas been 35 7200 1707 (o Singh’ A' K. Krishha, T. S. RL Phys. Chem. A

documented by Li et ar by comparing results from measure- 1997 101 3066-3069. (d) Brinkman, M.; Gadret, G.; Muccini, M.; Taliani,
ments carried out in solution, doped in high concentration in C.; Masciochi, N.; Sironi, AJ. Am. Chem. So@00Q 122, 5147-5157.
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structures o3 going from mainly twisted to coplanar. Support
for this hypothesis was found by a MO analysis, which suggests
changes in bond order upon electronic excitation, and from
semiempirical calculations, which document remarkable differ-
ences between ground- and excited-state rotational potentials.
A nearly frictionless rotation calculated with the AM1 method
suggests the existence of all possible twisted structures in the
ground state. In contrast, rotational barriers of about 15 kcal/
mol were calculated in the excited state from vertical transition
energies obtained using the ZINDO/S method. It should be noted
that calculations overestimate the transition energies and the
spectral shifts observed in the absorption spectrum by about 30
and 15 nm, respectively. The observation of two experimentally
distinguishable species with relatively high vibrational resolution

Figure 11. Phosphorescenceexcitation and emission spectra of samples - o
of 3 detected atle, = 550 nm and excited at. = 320 nm in in both the absorption and emission spectra suggests that

methylcyclohexane at 77 K are assigned to the perpendicular structuresrad'at've t_ranSitions rely on coupled vibrations from species with
(full line). The fluorescence excitation spectrum obtained at 77 K by Nearly twisted and nearly coplanar structures. Our results also
detection atlem = 400 nm (dashed line) is assigned mainly to the demand incomplete excited-state equilibration within the sub-

coplanar structure and is also shown by comparison (spectra shown innanosecond lifetime of 1,4-bis(ethynyl)benzedieThe pla-
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this figure were obtained with large slit widths and are of lower
resolution).

3.7. Phosphorescencd&ecent interest in triplet-state photo-

narization model was further supported by measurements carried
out under conditions that affect the equilibrium and dynamics
of the rotational structures, including low temperatures and rigid

physics properties of poly(phenyleneethynylenes) has beenpolyethylene films. High quantum yields of emission at ambient
motivated by expectations of higher excited-state yields upon temperatures obtained upon excitation at several wavelengths
electron-hole recombination in electroluminescence applica- indicate that radiative decay is efficient for the emissive species.
tions. Although fluorescence yields at ambient temperature Polarized absorption measurements in stretched polyethylene
suggest a very weak emission, phosphorescence measuremenfdms indicate an almost perfect dichroism, as expected for a
were carried out with compourilat 77 K in dilute methylcy- rigid rodlike molecule such a3. Fluorescence measurements
clohexane glasses. Accordingly, a relatively weak spectrum wasin polyethylene films were also consistent with increased
obtained between 480 and 600 nm (Figure 11). The phospho-populations of the coplanar structures. Spectral changes in
rescence signal decayed in a relatively clean monoexponentialpolyethylene as a function of temperature are particularly
fashion with a lifetime of 447 ms. Given that fluorescence supportive of the planarization model. An alternative interpreta-
measurements at 77 K had given strong indications of sampletion based on the coexistence of aggregate and monomeric
heterogeneity (Figure 4), we decided to explore the wavelength species in a dynamic associatietissociation equilibrium under
dependence of the phosphorescence emission and excitatiothose conditions would be extremely unlikely. Measurements
spectra. Much to our surprise, neither the emission nor the carried out with crystals indicate that cofacial aggregates having
excitation spectra displayed a significant wavelength depen- interaromatic distances of 3.48 A give rise to severe line
dence. Furthermore, the excitation spectrum of the phospho-broadening along with spectral shifts as large as-8® nm.
rescence signal is substantially blue-shifted, as expected forStudies in progress are aimed at exploring the generality of this
nonplanar rotamers. Although the observed phosphorescenceeffect in samples of substituted oligo(phenyleneethynylenes),
signal may originate from an adventitious impurity, repeated poly(phenyleneethynylenes), and other aromatic chromophores.
sample purification gave reproducible results. We tentatively
assign the triplet emission to the nonplanar structures which
are vaguely analogous to phenylacetylenes and 1,4-diethynyl-
benzenes, both of which are known to display significant triplet
yields and strong phosphorescence emis&iaf.
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4. Conclusions

The wavelength dependence of the excitation and emission
spectra of compoun@ requires the coexistence of (at least)
t?"’o Species with different UV absorptlon and emISSIC.m. proper- Razumov, V. F.; Sazhnikov, V. A.; Alfimov, M. V.; Kotlyarevskii, I. L.;
ties. We suggest that red shifts of about-BD nm retaining &  gardamova, M. I.; Vasilevskii, S. Azv. Akad. Nauk SSSR, Ser. Khim
high degree of vibrational resolution may be assigned to 1979 2, 358-362.
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