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ABSTRACT: A Schiff base type polymer containing phenanthrene and an aliphatic spacer in the main chain
was prepared, and its photophysical behavior in diluted and concentrated solutions as well as in film form was
studied by steady-state fluorescence spectroscopy. These data indicated that ground-state fluorescent phenanthrene
aggregates were present in the films. Time-resolved measurements in diluted conditions showed biexponential
decay implying in different microenvironments around the chromophore. Theoretical simulations predicted
aggregation inr-stack arrangement, and calculation of optical properties for small aggregates shows the introduction

of new states at lower energies, in good agreement with the experimental results. Theoretical studies also forecast
the possibility of domains with highly ordered morphology, which was confirmed by DSC measurements providing
further support for the presence of the emitting aggregated form.

1. Introduction threne groups attached to polymer chains has already been

The photophysics of phenanthrene and its derivatives has beerfléscribed. In such studies, phenanthrene is randomly attached
explored for many years, and it is fair to say that all the aSa pendant group, and the aggregation has been explained in

important issues related to the subject have been clafified.  t€rms of a process induced by the polarity of the group to which
However, the information about the photophysical behavior of it is linked and not by the chromophore itself.

phenanthrene when linked to a polymer chain either in a lateral  In the present contribution we study a phenanthrene-contain-
chain or placed along the backbone is rather scarce. This ising conjugatee-nonconjugated block copolymer, beginning
probably due to complexities introduced by the synergic effects from the synthesis and proceeding through photophysical and
involving electronic states of phenanthryl groups and the thermal characterization, theoretical modeling, and calculation
polymer chains combined with other types of interactions, such of optical properties for different aggregated systems. We expect
as the chemical nature and polarity of the surroundings aroundto add more insight into the photophysical behavior of phenan-
the fluorophore, and the conformational order of the main chain threne-containing polymers, since this is the first work in which
which may interfere with the FranekCondon transitions. Asa  the lumophore is located in the backbone in a controlled
result, the emissive properties of the chromophore are greatly configuration, making it possible to observe the effects of the
dependent not only on its intrinsic properties but also on the anchoring to a polymer chain as compared to the “free”
properties of the cavity where it is locatéd'he role of the chromophore.

local concentration can also be important, even in cases where The strategy explored the concept of multiblock conju-
the total amount of the lumophore is low, due to microphase gated-nonconjugated copolyméfstéwhere the emitting block
separation processes. In fact, there are several examples showing,4-phenylenemethylidinonitrite9,10-phenantrylenenitrilo-

that the spectral characteristics of a polymer-bound chromophoremethylidine was interspersed with octamethylene segments, as
can change dramatically in relation to the “free” molecuds shown in Figure la. The main-chain aliphatic spacer has a
in the case of the blue light emitted from naphthalene containing double function: to improve solubility and act as a nonconju-
poly(urethane-urea)s$ stable stilbene ground-state dimers in gated barrier that isolates the emissive center, providing control

polymers bearing this chromophore as a pendant gfcam of the size of the emissive center.
green electroluminescence from specific compositions of poly-  The configuration with phenanthrene placed along the
(methyl methacrylateo-9-methylanthryl methacrylaté)Fur- polymer backbone as a constituent of the structural unit imparts

thermore, aggregation and several types of energy-transfersome structural hindrance to same-chain lumophore interactions,

processes have been observed in intrinsically luminescentand possibly the only phenanthrene associations will be among

polymers in concentrated solution or in the solid state. the interchain species, making it possible to probe interchain
Aggregation in solid-state polymers can usually be detected interactions by the spectroscopic behavior of the system.

by the pronounced changes of the spectra in either absorption,

emission, or bott:68-14 In particular, aggregation of phenan- 2. Experimental Section

2.1. Materials. N-Methylpyrrolidone (NMP) (Vetec, Brazil) and

* Instituto Tecnolgico para o Desenvolvimento LACTEC. dimethylformamide (DMF) (Vetec, Brazil) were distilled under

$ Instituto de QUmica. reduced pressure (10 and 5 mmHg, respectively) and stored under
U Cidade Universitda. molecular sieves (4 A). Seringaldehyde, 1,8-dibromooctane, anhy-
* Corresponding author. E-mail: leniak10@yahoo.com.br.com.br. drous potassium carbonate (Vetec), poly(phosphoric acid) (Vetec),
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Figure 1. FT-IR spectrum of 1,2-bis(4-formyl-2,6-dimethoxy)octane
(KBr disk).

lithium chloride, toluenesulfonic acid (Vetec), and 9,10-diami-
nophenanthrene were purchased from Sigma-Aldrich Chemical Co.
and were used without further treatment.

2.2. Monomer Synthesis and Polymerization Procedurel,2-
Bis(4-formyl-2,6-dimethoxy)octané mixture of 10 g of 3,5-
dimethoxy-4-hydroxybenzaldehyde (0.055 mol) and 5.06 mL of
1,8-dibromooctane (0.028 mol) was dissolved in 140 mL of
DMF under nitrogen. The temperature was raised td®0and
after the addition of calcium carbonate the mixture was refluxed
for 24 h, cooled to room temperature, and poured @e of water.

PhenanthreneAzomethyne Multiblock Copolymer 3399

2.3. Equipment. A Waters gel permeation chromatograph
equipped with two columns HR4E and HR5E (polystyrene), pump
model 1500, was used for the molecular weight determination. The
solvent was DMF, in a flux of 0.6 mL mirt at 45°C, and the
columns were connected to a dual detector (UV, refraction index).
The calibration was based on PS standards.

The monomers and the polymer were characterized by FTIR and
NMR spectrometry, and the data are compared with the literature.
Samples for FTIR measurements were prepared as KBr disks.
Spectra were taken in a Bomem MB 100 FTIR spectrophotometer,
in the spectral range of 66@1000 cn1?, with resolution of 2 cm?,
and 16 scans.

A NMR Briicker 400 MHz Advance series witHC at 100
MHz andH at 400 MHz equipment or an ac 200 MHz Bker
with 3C at 50 MHz and!H at 200 MHz was used. All
NMR experiments used CDgas a solvent and TMS as internal
standard.

A 204 F1 Netzsch equipment was used for the DSC mea-
surements. Typically the sample was heated from room temper-
ature to 50°C and quenched te-100 °C. It was then heated to
50 °C, at a rate of 20C/min, under nitrogen flux (15 mL/min).
The same procedure was repeated with the same samples an-
nealed for 24 h at 28C. Only the heating parts of the cycle were
registered.

A spectrophotometer UVvis Shimadzu model NIR 3101 was
used for the electronic absorption spectra.

Steady-state fluorescence spectra were recorded using a
ISS-PC1 spectrofluorimeter operating with a 300 W Xe arc lamp.
Solutions of the copolymer in NMP were prepared with three
concentrations in terms of moles of phenanthrene {1004, and
10-3 mol L™1). A triangular quartz cuvette was employed to re-
duce the inner filter effect when spectrum of the higher con-

The solid was separated and washed with 300 mL of ethanol/watercentrate solutions was recorded. Emission spectrum was re-

(5:1).

Poly[oxyoctyleneoxy-(2,6-dimethoxy-1,4-phenylenemethylidino-
nitrile —9,10-phenantrylenenitrilomethylidine)} mixture of 32 mg
(0.14 mmol) of 9,10-diaminophenanthrene, 0.3 mL of poly(phos-
phoric acid), 50 mg of phosphorus pentoxide, 50 mg of toluene-
sulfonic acid, and 10 mL of NMP was refluxed under nitrogen for
30 min. After that, 68 mg (0.14 mmol) of 1,2-bis(4-formyl-2,6-
dimethoxy)octane was added, and the mixture was kept at@10
for 96 h under stirring and subsequently pouredro®e. of a

corded from 325 to 700 nm, with excitation depending on the
concentration of the solutionstey,. = 310 nm for 10° mol L1

and 104 mol L™ Aexe = 423 nm for 103 mol L~1. We also
recorded excitation spectra for all samples uslag = 360 and

530 nm. For the copolymer films, we recorded the emission spectra
from 400 to 600 nm usingexc = 370 nm and the excitation spectra
from 300 to 500 nm usingem = 495 nm. The quantum yield of

the copolymer emission in solution was also determined by the
steady-state fluorescence using 9,10-diphenylanthracene as stan-

saturated aqueous solution of potassium carbonate and stirred fodard:?:18

1 h. The final material was filtered, washed with water, and dried
under vacuum.

Dynamic fluorescence decay was performed at room temperature
by single photon counting (Edinburgh Analytical nF900 system)

Scheme 1. Synthetic Routes for Monomer and Polymer Preparation
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Figure 2. (a) 'H NMR and (b)*3C NMR spectra of 1,2-bis(4-formyl-2,6-dimethoxy)octane (CECI
operating with a pulsed hydrogen lamp at a repetition rate of 40 emission was collected in the fluorescence maximium= 356

kHz. The excitation wavelength was coincident with the excitation nm. The sample solutions and the copolymer films were degassed
peak Aexc = 310 nm for the chromophoric absorption, and the and maintained in a sealed quartz tube. The instrument resp&)Bif
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Figure 3. FT-IR spectrum of poly[oxyoctyleneoxy-(2,6-dimethoxy-
1,4-phenylenemethyldinonitrite9,10-phenanthrylenenitrilomethyli-
dine) (KBr disk).

was determined at every measurement using Ludox as scatterer.

At least 1@ counts were collected in the peak channel. Deconvo-

lution of the lamp pulse was performed by nonlinear least-squares

routines using the software supplied by Edinburg. The best fit was
achieved when thg? is close to one, and the residual distribution
was random.

3. Computational Methods

Theoretical simulations were done using a multiscale strat-

PhenanthreneAzomethyne Multiblock Copolymer 3401

distorted from the phenanthrene planes as shown in Figure
5b. Therefore, as expected, the monomeric unit (phenylazo-
methyne-phenanthrene) is not conjugated, and the emission
center is confined to the phenanthrene moiety, with the
sequences of methylene inert spacers conferring some flexibility
to the main chain.

The DSC thermograms of the poly(azomethyne) are shown
in Figure 6. The most relevant findings were a change in slope
of the baseline attributed to a glass transition arots@ °C,
an endotherm attributed to the melting of a crystalline phase at
18.5°C, and another transition at3 °C. The curvatures seen
at the very beginning of the scans at the low-temperature side
are artifacts commonly seen in DSC runs and are meaningless.
Both glass transition and melting were very reproducible, no
matter how many runs were performed with the same sample.
The transition at-3 °C, tentatively attributed to crystallization,
however, was only seen if after the first run the samples were
annealed at 25C during some time, typically 24 h.This indicates
that the rearrangement of the chains after melting required some
time to achieve completion, and a definitive assignment of the
transition would require more work on this specific point. At
this stage one should ask what is really melting, since the
material is a multiblock copolymer with chemically distinct
segments linked along the backbone. Previous works have
demonstrated that similar multiblock copolymers, differing only
in the hard (chromophoric) blocks which were connected to the
same octamethylene flexible spacers were in fact phase-
separated materials. These findings were based on the selective
plasticization of the spacer pha®eand it was also concluded

egy: to study long chains and aggregation properties for thesethat the requirement for phase separation in some kinds of

copolymers, we used classical molecular mechanics (MM), and

the study was refined for specific small oligomers using quantum
mechanical calculations with AM®. Optical properties were
calculated for special configurations with INDO/S®R! For
linear chains we always end the oligomer on both sides by half

copolymers is not necessarily long block length but rather
flexible chain containing two highly dissimilar segments. The
theoretical data seem to indicate that the melting is occurring
in the hard blocks, since the tendencyrtstacking is very high
and favored by the chain configuration. Linear copolyesters

the nonconjugated segment. We have designated these copolySontaining phenanthrene and naphthalene also have shown a
mer chains as-oligomers, since the chromophores are linked certain degree of crystallinity, which increased with the phenan-

to each other through the bonds of the alkyl spacer.

threne content in the chaigs.

The conformational search for the supramolecular aggregates 4.2. Photophysical BehaviorThe photophysical study was

was performed with the empirical force field UNIVERSAL 1.02
(UFF) as implemented in the Cerius2 software packdddée
UFF terms include van der Waals and electrostatic interac-
tions for nonbonded atoms, critical for investigations of the
supramolecular packing. In all MM geometrical optimizations,
the following convergence criteria was used: maximum force
of 0.005 kcal/(mol A), root-mean-square (rms) deviations of
0.001 kcal/(mol A), energy differences of 0.0001 kcal/mol,
maximum atomic displacement of 0.0005 A, and rms gradient
of 0.000 01 A.

4. Results and Discussion

4.1. Synthesis and Structural Characterization.The syn-
thetic route to the polymer is depicted in Scheme 1. The chem-
ical structure of the monomer 1,2-bis(4-formyl-2,6-dimethoxy)-
octane and of poly[oxyoctyleneoxy-(2,6-dimethoxy-1,4-phen-
ylenemethylidinonitrile}-9,10-phenantrylenenitrilomethyli-
dine] was confirmed by FTIR andH NMR and 3C NMR
spectra, shown in Figures-4. The apparent molecular weight
of the copolymer was determined by GPCMys= 13 000,M,,
= 15600 g mot!, and polydispersity index= 1.2. No
byproducts were detected.

The optimized geometry obtained through AM1 calculations
shows the phenanthryl groups in a planar configuration, practi-
cally orthogonal to the main chain, with the phenyl groups

performed in NMP solutions in concentrations of $010°4,

and 10° M. Figure 7 displays fluorescence emission and
excitation spectra. When compared to the spectrum of phenan-
threne itself, the emission spectra of the polymer have shown
two distinct features: the first is the red shift in relation
to phenanthrene im-hexane diluted solutionis.This spec-

tral shift is usually found for aromatic compounds linked to
polymeric chains or containing aliphatic substituéht® al-
though here we must also consider that the conjugation with
the azomethyne bridge is a source of electronic interaction which
might lead to additional band shift. The second feature is re-
lated to the peak broadening and less resolved vibronic struc-
ture, as compared to the electronic absorption and emission
spectra of phenanthrene its#lf.This effect has also been
observed for various aromatic hydrocarbons linked to polymeric
chains and has been interpreted in terms of the conformational
disorder of the main chain, leading to an inhomogeneous band
broadening:27-29

The quantum yield determined from the steady-state fluo-
rescence emission of this copolymer was = 0.22. This
value is higher than that of phenanthrene itself,¢qga= 0.13,
and is similar to others found for some phenanthrene deriva-
tives26:31.32

Going from the more diluted to the more concentrated
solutions a slight broadening was detected, with a should&rD t
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Figure 5. (a) Chemical structure of the multiblock conjugated
nonconjugated poly[oxyoctyleneoxy-(2,6-dimethoxy-1,4-phenylenem-
ethyldinonitrile-9,10-phenanthrylenenitrilomethylidine) and (b) computer-

optimized configuration of one structural unit.
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Figure 6. DSC thermogram of the copolymer showing glass transition,
crystallization, and melting peaks: (a) first and second scans were run

in sequence; (b) second scan run after 24 h annealing &€25

410 nm in the emission spectra of solutiorma®1 in relation

to the 104 M, but the main emission peaked at 359 nm for
both. The most striking result, however, was the dramatic
redshifting of the 10 M solution with respect to the more

PhenanthreneAzomethyne Multiblock Copolymer 3403
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Figure 7. Fluorescence<) and excitation x) spectra of the copolymer
in NMP solutions: (aflexc = 334 NM,Aem = 366 nm, 105 M; (b) Aexc
= 311 nm,Aem = 360 nm, 10* M; (C) Aex = 423 NM,Aem = 531 Nm,
103 M.

tion spectra, indicating that the absorbing and emitting species
were the same, probably present in the electronic ground state.
Since we have used triangular cuvettes and front-face excita-
tion and detection, we can assume that the greater spectral

diluted ones. Two main peaks were registered at 496 and 533changes of the more concentrated solution should be other than

nm (Figure 7c). Monitoring the two more diluted solutions {310

the inner filter effect. In addition, because of the excitation and

and 10“ M) at 366 nm, it was observed that the excitation emission spectra are mirror images, we should suggest that
spectra peaked at 370 nm, whereas the excitation in the redphenanthrene moieties are partially aggregated in more con-
region brought about a weak emission from the concentrated centrated solutions.

solution also very red-shifted in relation to that of the diluted

The emission Aexc = 370 nm) and excitationif, = 495

solutions. Although red-shifted, the emission spectrum of the nm) spectra of the polymer films, shown in Figure 8, add more
higher concentrate solution was a mirror image of the excita- support to that supposition, demonstrating that in films oeBV
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phore, and consequently, the total emission intensity should also
be lower3645

Figure 10 shows the emission decay of the lamp pulse (faster
decay), the experimental fluorescence decay, and the fitted decay

(continuous line) superposed to the experimental data. In our
case, the fluorescence decay of the copolymer in NMP solution
measured withlexe = 310 nm andiem = 356 nm showed a
biexponential decay with a longer lifetime of 3349 0.4 ns

and a shorter one of 94 0.2 ns, as shown in Figure 10 for
the 10* M solution. We accomplished the quality of the fit by
adjusting of the experimental curve using the paramgter
which is an average parameter covering the entire range of data
points. The parameter obtained in our work wds= 1.143

with a residual random distribution, indicating that a good
deconvolution of the experimental decay curve has been
achieved. As noted, for phenanthrene itself the fluorescence
emission is always monoexponential and dependent on the
solvent. Values ofr = 55 ns?' 57 ns$2 57.3 ns%6 59.5 ns in
n-heptane solution, and 63 ns in isobutyl alcdhohve been
reported, with the corresponding quantum yieldgpf= 0.13.

Our attempts to measure the decay time by excitation of the
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Figure 9. Electronic absorption spectra of the copolymer in solution
of 105 M NMP and in film form.

aggregated formigyx. = 423 nm) were not successful due to
the large scattering coming from the 0V NMP solution and
the very low intensity of the aggregate emission. Comparing

with the phenanthrene molecule, derivatives have shown shorter

the aggregates are the emitting units. Differences of the flyorescence lifetimes (from 20 to 45 ns) and higher quantum
electronic absorption spectra of the diluted solution-f101) yields (from 0.14 to 0.3), in agreement with our resefif;32:3647
and film shown in Figure 9 agree with the assumption of the For example, it has been reported that the lifetime of the excimer
presence of phenanthrene aggregates in the solid state, sincemission in poly(vinylphenanthrene) has a lifetime of 6hs,
the solid-state SpeCtrUm presented a more pronOUnced intenSityNhereas two times (14 and 44 ns) were found for phenanthrene-
at the red edge of the absorption band. labeled poly(styren&-poly(ethyleneeo-butylene)b-polysty-

To interpret these findings in terms of interchromophore rene)*
association, it is important to bear in mind that phenanthrene  The biexponential decay found for the phenanthrene moieties
and its derivatives are a family of aromatic compounds that apart of the copolymer in dilute solutions and recorded at the
from normal fluorescence, p-type delayed fluorescence, andwavelength where the isolate form is emitting implies in the
phosphorescence emissiéri-*3does not easily form excimer  existence of different environments surrounding each lumophore.
species although self-quenching is observed at higher concen-These different environments surrounding each lumophore arise
trated solution$*~40 Excimer species were only detected in  from distinct conformations of the aliphatic residue of the main
restricted medi# such as ultrathin LB filn® and symmetrically chain leading to distinct average distances among the lumo-
substituted diphenanthrylproparfés. phores. Because of the possibility of those distinct conforma-

Concerning the polymers bearing phenanthryl groups, the tions, some segments could assume coiled conformations while
reported results refer to systems where the chromophore isothers would be more extended, depending on the solvent
placed as a pendant group and not belonging to the main #hain, capability. Those phenanthrene moieties located in more coiled
as in the present case. The formation of excimers has beendomains would be more protected than those located in more
demonstrated in many of these studies, as in poly[2-(9- extended segments. When in extended conformation, they will
phenanthrylethyl vinyl ether] and poly(9-vinylphenanthréhé) be exposed to quenching due to several types possible of
and poly(9-phenanthryl methacrylate), poly(2-(9-phenanthryl)- processes, including those due to residual oxygen dissolved in
ethyl vinyl ether]** The intramolecular excimer interactions the solvent. This picture to explain the biexponential decay is
were considered to be the main cause of the decrease in emissiogonsistent with other reported d4&27-4849n which the IongerCDV
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(a) HOMO LUMO

) HOMO

Figure 11. Delocalization pattern for the frontier molecular orbitals HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) of (a) repeating unit and (b) trimer. Results from AM1 calculations. Note that the charge density is concentrated on thepldenanthr

group.

lifetime is closer to that of the “free” chromophores and was to three repetitive units and then simulated the effect of packing
due to the more protected group and the shorter to those moreor assembling several long chains. The optimized geometry

susceptible to quenching proces&ég’:50 obtained through AM1 for the trimer resulted in a linear
The DSC data showed that this polymer has a glass transitionbackbone with the phenanthrene groups arranged perpendicu-
at —53 °C and a melting point at 18.5C. All of the larly to the chain direction. Analysis of the frontier molecular

photophysical properties were measured at room temperature 0rbitals HOMO (highest occupied molecular orbital) and LUMO
ca. 20°C, therefore above the glass transition temperature and (Iowest unoccupied molecular orbital) for the isolate chain trimer
around the melting point. In previous works using several shows that both are localized almost exclusively over the
polymers and copolymers, some of us showed the strong effectphenanthrene group (Figure 11), with some spreading over the
of the phase transition on the pholuminescence properties ofimine segments. In agreement with the experimental spectrum
the material32°51|n particular, we have demonstrated that in solution the ZINDO/S-CI simulated absorption spectrum
above the glass transition temperature part of the interchainshows the absorption threshold about 340 ni8.6 eV),
species can dissoci&tewith the corresponding decrease of indicating that ther—s* transition is confined to the single
interchain emission. This should be one of the reasons for thephenanthrene units.
lower intensity emission of phenanthrene aggregates: there is Once the geometry for theseoligomers was obtained, we
a small population of such species in addition to the usual lower proceeded to study the supramolecular arrangement with mo-
fluorescence quantum yield of the aromatic molect#®s. |ecular mechanics. We analyzed various possible aggregate units
Nevertheless, since we are working near the melting point, beginning with the coupling of two trimers. It is interesting to
aggregates are still present since the small crystals behave agote in the final structure that 2,6 dimethoxyphenylene (MeP)
cross-links for macromolecular segments belonging to the rings from adjacent chains couple in pairs im-atack fashion
viscous liquid phase at temperature above TgeThus, the  with an interplanar distance between MePs on neighbor chains
interchromophoric emission in the present case is still possible of 3.45 A. This distance is similar to those usually observed
due to the presence of residual ordered segments. The temperfor dimers and excimers of aromatic molecules in solid state.
ature effect on the photophysical properties of this material is We also calculated with ZINDO/SCI the optical absorption for
In progress. theszr-aggregates which can be compared with the experimental
4.3. Theoretical Simulations of Aggregate Structures and absorption spectrum for the higher concentrated solution by
Optical Properties. To gain deeper insight for the processes weighting mixture of isolated copolymers and packed structures
occurring in the material, we tried to map the possible aggregate (Figure 12). In the experimental curve we find a high-energy
structures and their corresponding optical properties. We first peak at~310 nm, with a pronounced shoulder to lower energies
optimized the structure of an isolated chain composed by one with the optical threshold at 368 nm. We can see a very %Bq/
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