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ABSTRACT: Alternating oligomers and polymers consisting of -bipyridine and diethinylenebenzene units and
corresponding model compounds were synthesized and investigated in dilute solutions by absorption spectroscopy
and by stationary and time-resolved emission spectroscopy. The strictly linear (rod-tkejn oligomers/polymers

were compared with the angularly linked oligomers/polymers and with related model compounds. The model
compounds which already show the essential spectroscopic properties of the oligomers/polymers consist of three
(hetero)aromatics linearly connected by two diethenylene groups. These models exhibit fluorescence quantum yields
close to unity and short fluorescence decay times around 1 ns. Fluorescence anisotropy and rotational relaxation time:
are consistent with the Stokes—Einstein equation and the Perrin equation. The absorption and emission spectra of the
polymers and their radiative rate constants determined by fluorescence quantum yield and lifetime and according to
the Strickler/Berg equation show a conjugation length of one to two repetition units. The conjugation along the chain
is stronger in linear than in angular polymers and stronger in alkoxy-substituted than in unsubstituted polymers. In
angular polymers at least two different emitting segments were found. The shortened mean lifetimes and the reduced
fluorescence quantum yields and anisotropies of the oligomers/polymers indicate an additional radiationless
deactivation channel which is opened by energy migration along the chain. Rates of energy transfer calculated for

linear and angular polymers correlate with rates of radiationless deactivation. Copyr2gi®0 John Wiley & Sons,
Ltd.

KEYWORDS: 2,2-bipyridine; diethinylenebenzene; conjugated polymers; absorption; luminescence

INTRODUCTION characterization of poly(phenyleneethinylenes) and alter-
nating poly(phenyleneethinylen/heteroarylethinylenes).
Highly fluorescent conjugated polyarenes have been ofAmong others, stilbene-4;liyl, anthracene-9,10-diyl,
increasing interest as potential materials for electrolumi- thiene-2,5-diyl and pyridine-2,5-diyl have been used
nescence devices and attract particular attention becauses arylenes and heteroarylenes. In order to increase the
of their high non-linear susceptibilitids? which make solubility of these rigid, linear polymers, alkyl side-
them candidates for all optical switching devices. chains have been introduced via ester, ether or other
From the point of view of more fundamental research, groups. Kondoet al. reported on a poly(phenylene-
segmented conjugated polyarenes are useful objects foethinylene) which is well soluble due to its angular
investigating energy migration along the polymer ctain. structure®
In particular, fluorescent rigid rod oligomers including  Essentially, absorption and fluorescence spectra have
suitable model compounds are excellent probes for been published, and sometimes also fluorescence quan-
studying molecular motions in viscous media by static tum yields. From a comparison of absorption spectra with
and kinetic monitoring of the fluorescence anisotropy. An fluorescence excitation spectra, Morgarml.” concluded
additional interesting aspect is their potential use asthat energy transfer occurs along the polymer chain.
molecular wires. Efficient energy transfer has been found by Swagéth
Several papers have been appeared in recent yearanthracene terminal groups. This group exploits energy
which deal with the synthesis and spectroscopic transfer to enhance significantly the sensitivity of a
fluorescent chemosensbr.Picosecond time-resolved
*Correspondence to:U.-W. Grummt, Institut fu Physikalische measurements and investigations into the stimulated

8%7”;"?3%(;; rggﬁ'rﬁ*;},sy?“"'er Universitdena, Lessingstrasse 10, o ission have been publishé Ley and co-workers
E-mail: cug@rz.uni-jena.de published the synthesis and photophysical data for two
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Scheme 1

model compoundsand one polymer containing 2,2-
bipyridyl in the backboneincluding their metal com-
plexes'? Systematidnvestigationsnto the photophysics
havebeenpublishedfor only two compounds™

In this paper,we reporton absorptiorandemissionof
new linear and angularconjugatedpolymers,oligomers
andtheir modelcompound<gonsistingof 2,2-bipyridine
anddiethinylenebenzenenitsin thebackbonelt wasthe
aim of this studyto identify the chromophoraunit andto
unravelthe effect of structuralvariation, particularlythe
comparisonof a linear or angular backbone,on the
photophysicatleactivationrandenergytransferalongthe
chain.

The conjugatedalternating oligomers and polymers
investigatedcontain 2,2-bipyridine and 1,4-substituted
diethinylenebenz®e as building blocks. As shown in
Schemel, two differenttypesof linkagearerealized.

The abbreviationsL and A standfor the linear and
angularlinkage, respectively,and P and M designate
polymers(or oligomers)and modelcompoundsrespec-
tively. Owingto thesyntheticroutetheterminatingatoms
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are bromine. Acetylene moietiesas terminatinggroups
could be excludedby NMR spectroscopy.

In order to determinethe chromophoreunit and to
understandhe photophysicabehaviourof the oligomers
andthe polymers,we comparedthemwith their related
modelcompoundsOwing to the spectrallocationof the
long-wavelengthabsorptionband and particularly the
high fluorescencequantumyield, compoundswith at
leastthreearyl units connectedy two acetylenegroups
shouldbe considerecasmodels.

The model compoundsand their abbreviationsare
givenin Scheme2.

Thepolymersandthehigheroligomerswithout alkoxy
substituentsreinsoluble.Therefore pnly oligomerswith
chainlengthsupto ameandegreeof polymerizationDP)
of 4 couldbe investigated Alkoxy substitutionincreases
the solubility of the compoundsindopensthe possibility
of investigatinghigheroligomersandpolymers.

EXPERIMENTAL
Synthesis

The synthese®f severalcompoundsnvestigatedn this
work have been publishedpreviously*® All chemicals
were purchasedrom Fluka and Aldrich. Toluenewas
dried and distilled over calcium hydride and, THF,
triethylamine and diisopropylaminewere distilled over
potassiumhydroxide. All solvents were degassedby
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bubbling with argonfor 1 h prior to use.All reactions
were carriedout underaninert gasatmosphergargon).

Synthesis of reactands

1,4-Diethinylbenzee** and2,5-di(octyloxy)-,2,5-di(do-
decyloxy) and 2,5-di(octadecylyloxy)-1,4kethinylben-
zené*>%were preparedby publishedproceduresThe
synthese®f 5-bromo-and 5,5-dibromo-2,2-bipyridine
were performedaccordingto Romeroand Ziessel*’ 4-
Bromo- and 4,4-dibromo-2,2-bipyridine were synthe-
sizedasdescribed?*°

Synthesis of the model compounds

1,4-Bis(3'-pyridylethinyl)benzene (M1). Tetrakis(tri-
phenylphosphine)padium [Pd(PPRh), (48mg, 0.09
mmol, 2.3 mol%) and copper(l) iodide (Cul) (16 mg,

0.08mmol, 2.0mol%) wereaddedo adegassedolution
of 1,4-diethinylbenzen€0.5g, 4 mmol) and 3-bromo-
pyridine (1 ml, 10mmol) in triethylamine (3 ml) and
toluene (40ml). The reaction mixture was stirred and
heatedunderreflux for 7.5h, thenfiltered hot to remove
the inorganic compounds. After cooling to room

temperaturea dark-redsolid precipitated.The resulting
suspensiorwas pouredinto an excessof methanoland
the dark-redprecipatecollectedby filtration. 1,4-Bis(3-

pyridylethinyl)berzenewasisolatedfrom thefiltrate. The
solvent was removed under vacuum and the residue
purified by columnchromatographyn silicagel 60. The
startingmaterialsl,4-diethinylbenzenand 3-bromopyr-
idine were reisolated by elution with toluene—ethyl
acetatg1:1, v/v). Byproductsof highermolecularweight
were removedagainby column chromatographysilica
gel 60) with toluene—ethylacetateas eluent (gradient
elution, 9:1-1:9, v/v). Final purification by vacuum
sublimation (135°C, 3 x 102 mbar) yielded a white

powder;yield 30mg (3%), m.p.175-177C.

'H NMR (CDCls): §=7.28(2 H, g, Hs), 7.53(4 H, s,
Hphd, 7.78(2 H, dt, Hg), 8.54(2 H, dd,H>), 8.76(2 H, d,
H.) ppm. 2*C NMR (CDCly): §=88.02 (—C= C—)
92.12(—C=C—), 120.16(C3), 122.91(Cppe—=—),
123.08 (Cg), 131.69 (Cpne—H), 138.43 (Cy), 148 82
(Cx), 152.28(C4) ppm. MS (EI): calculatednm/z= 280
(M), foundmyz=280(M) ™", 174(M —= —Ph)*, 140(1/2
M), 126 (= —Ph —=)"gmol™*. IR (KBr): »=3070
and3034(w, Cyy—H), 2225(m, —C=C—), 1579and
1543 (m, —C=N—, —C=C—) cm % UV/VIS (1,4-
dioxane): Amax (l0ge) =319 (4.69), 338 (4.53)nm (¢ in
| mol~*cm™). Analysis:CogH1,N, (280.33)calculatedC
85.71,H 4.29,N 10.00;foundC 84.81,H 4.59,N 9.39%.

M3 compounds. 1,4-Bis(2,2"-bipyridine-5'-ylethinyl)-
benzengM3a) waspreparedaccordingto EI-Ghayoury
andZiessel® 1,4-Bis(2,2"-bipyridine-5'-ylethinyl)-2,5-
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di(octyloxy)benzenéM3b) andl,4-bis(2,2"-bipyridine-
5"-ylethinyl)-2,5-di(dodecylgy)benzen¢M3c) werepre-
paredsimilarly to 1,4-bis(2,2"-bipyridine-5'-ylethinyl)-
2,5-di(octadecyloxy)bezengM3d).13

M3b waspurifiedby columnchromatographgnsilica
gel 60 elutingwith n-hexane—THR2:1, v/v); yield 70%,
m.p.113-115C.

'H NMR (CDClg): 6§ =0.83(6 H, t, —CHg), 1.25-1.91
[24 H, m,—(CH,)e—], 4.04(4 H, t, —CH,0—), 7.04(2
H, s,Hpnd, 7.30(2H, t, Hs), 7.80(2 H, t, Ha), 7.90(2 H,
dd, Hy), 8.40(4 H, d, Hy andHz), 8.67 (2 H, d, He),
8.80 (2 H, d, Hg)ppm. *C NMR (CDCl):
6=14.05(CH—), 22.63, 26.05, 29.29, 29.33, 29.67,
31.79[—(CH,)e—], 69.66(—CH,0—),90.07and92.03
(—C=C—), 113.87 (Cppne—C=C—), 116.84 (Cppe—
H), 120.32(Cs), 120.44(Cs), 121.32(C3/), 123.87(C3),
136.91(Cy), 139.19(Cy), 149.27 (Cy), 151.61(Cy),
153.78(Cpne—OR), 154.83(C,), 155.49(C,) ppm.MS
(Cl): calculated mz=690 (M), found m/z=691
(M+1)", 579 (M —CgHi7+1)", 466 (M—2
CgHi7+ 1)  gmol™™ IR (KBr): v=3049 (W, Caryr—
H), 2923 and 2854 (vs, CH,— and CHz—), 2208 (w,
disubstituted—C=C—), 1390 (m, CHy—), 1275 (m,
aryl— OR)cm Y. UV/VIS (CHCL): Amaloge) =330
(4.67), 387 (4.69)nm. Analysis: C46Hs0N4O5 (690.93),
calculatedC 79.97,H 7.29,N 8.11; found C 79.83,H
7.59,N 7.94%.

M3c waspurifiedby columnchromatographgnssilica
gel 60 elutingwith n-hexane-THR2:1, (v/v), yield 60%,
m.p.100-102C.

H NMR (CDClg): 6=0.83(6 H, t, —CHg), 1.21-1.91
[40H, m,—(CHy)10—], 4.04(4 H, t, —CH,0—),7.04(2
H, s, Hpngd, 7.30(2 H, ddd, Hs/), 7.81(2 H, ddd, Hy),
7.90(2 H, dd, Hy), 8.40(4 H, d, Hy andHg), 8.67(2 H,
d, He), 8.80 (2 H, d, Hg) ppm. 2*C NMR (CDCly):
6=13.99 (CHy—), 22.57, 25.98, 29.25, 29.30, 29.54,
29.57,31.80 [—(CHy)10—], 69.59 (—CH,0—), 91.04
(—C=C—), 113.80 (Cppe—C=C—), 116.76 (Cpne—
H), 120.25(Cs'), 120.38(Cx), 121.20(C3"), 123.82(C3),
136.85(Cy), 139.15(Cy), 149.20(Cy), 151.54(Cy),
153.71 (CpheOR), 154.74 (C»), 155.39 (Cy) ppm.
MS (CI): calculated m/z=802 (M), found m/z=3803
(M +1)", 635 (M —CyHos+ 1), 466 (M — 2C;5Hos
+1)", 401gmol. IR (KBr): v =3056 (W, Cary— H),
2922 and 2851 (vs, CH— and CHz—), 2207 (w,
disubstituted—C=C—), 1389 (m, CHy—), 1274 (m,
Cary— OR)cm . UV/VIS (CHCly): Amax (I0ge) =330
(4.67), 388 (4.67)nm. Analysis: Cs4HgeN4O> (803.14)
calculatedC 80.75,H 8.28,N 6.97; found C 80.20,H
8.40,N 6.73%.

4,4 -Bis(phenylethinylene)-2,2'-bipyridine (M4).
Pd(PPh), (9 mg, 0.00075mmol, 1.0 mol%) and Cul
(83 mg, 0.0015mmaol, 2.1 mol%) wereaddedto a mixture
of 4,4-dibromo-2,2-bipyridine (230mg, 0.73mmol),
phenylacetylen€154mg, 1.47mmol) andtriethylamine
(1 ml) in driedtoluene(10ml). Thereactionmixturewas
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stirred at reflux for 3h, then poured into methanol
(200ml). The precipitate was purified by column
chromatographywith n-hexane-THF (3:1, v/v). A
150mg amountof white crystals was obtained,yield
57.4%,m.p.203-205C.

'H NMR (CDCly): 6 = 7.36—7.41(8 H, m, Hppa, 7.53—
7.57(4H, m, HpheandHs), 8.52(2 H, s,Hs), 8.66(2H, d,
He) ppm. 3C NMR (CDCly): 6 =86.98 (—C=C—),
94.08(—C=C—), 122.24(Cppe—=—), 123.27(Cpn0,
125.51(Cppe, 128.49(Cppg, 129.16(C3), 131.93(Cs),
132.58(Cy), 149.23(Cg), 155.69 (C,) ppm. MS (CI):
calculatedmyz=356 (M), found m/z=357 (M +1)",
178(1/2 M) gmol™* IR (KBr): »=2216 (m, disub-
stituted —C=C—)cm >, UV/VIS (CHCLk): Amax
(loge) =268(4.59),291(4.70),306 (4.71)nm. Analysis:
CoeH16N> (356.41)calculatedC 87.62,H 4.52,N 7.86;
foundC 87.17,H 4.67,N 7.85%.

1,4-Bis(4'-pyridylethinyl)benzene (M5a). 4-Bromo-
pyridine was preparedfrom 4-bromopyridine hydro-
chloride (3 g, 19mmol) by treatmentwith 4 N aqueous
sodiumhydroxide (10ml). The resulting emulsionwas
extractedtwice with diethyl ether, the ether solutions
weredried overmagnesiunsulphateandthe solventwas
removedimmediatelybeforeuse.

Mb5a was preparedand purified analogouslyto M1,
replacingthe 3-bromopyridineby 4-bromopyriding(2 g,
12 mmol). Vacuumsublimation(150°C, 4 x 10 > mbar)
yielded a white substanceyield 150mg (13%), m.p.
169-17TC.

'H NMR (CDCly): 6 =7.36(4 H, dd,Hy), 7.54(4 H, s,
Hend, 8.60 (4 H, dd, Hz) ppm. *3C NMR (CDCly):
6=88.80(—C=C—), 93.15(—C=C—), 122.87(Cy),
125.48 (Cy), 131.01 (Cpng, 131.91 (Cppng, 149.85
(C3) ppm. MS (EI): calculatedmy z=280 (M), found
m'z=280(M)", 174(M —=—Ph)", 140(1/2M™", 126
(=—Ph—=)"gmol™*. IR (KBr): »=3075and 3039
(W, Caryi—H), 2222(m, —C=C—), 1587and 1538 (m,
—C=C—, —C=N)cm . UV/ VIS (1,4-dioxane):
Amax (l0ge) =318 (4.61), 336 (4.52)nm. Analysis:
CogH12No (280.33): calculated C 85.71, H 4.29, N
10.00;found C 85.35,H 4.77,N 9.54%.

The synthesiof M5a andmetalcomplexegherefrom
has already been reported?* M5a was describedas a
yellow—orangepowder,which leadsus to the suspicion
that the product containedimpurities with diacetylene
substructuresvhich aregeneratedy oxidative coupling
reactions.

2,5-Bis(octyloxy)-1,4-di(4'-pyridylethinyl)benzene

(M5b). 4-Bromopyridinewas liberated from 4-bromo-
pyridine hydrochloride as describedbefore. 4-Bromo-
pyridine (0.5g, 3mmol) and 2,5-di(octyloxy)-1,4-
diethinylbenzene(0.4g, 1 mmol) were dissolved in
degassedliisopropylamine(2 ml) and toluene (10 ml).
Tetrakis(triphenylpbsphine)palladium (12mg, 0.02
mmol) and copper(l) iodide (4 mg, 0.02mmol) were
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addedandthereactionmixturewasstirredfor 1 h atroom
temperatureand afterwardsheatedfor 3 h underreflux.
After cooling to room temperaturethe reactionmixture
was pouredinto an excesf methanolandthe resulting
brownish precipate and inorganic compounds were
collected by filtration. 2,5-Di(octyloxy)-1,4bis(4-py-
ridylethinyl)benzenevasisolatedfrom thefiltrate, which
wasconcentratedinderreducedpressure.

The starting products 4-bromopyridine and 2,5-di
(octyloxy)-1,4-diethinylbazenewere removedby col-
umn chromatography(silica gel 60) with hexane—ethyl
acetate(1:1, v/v) aseluent.Furtherfractionationof the
residueby column chromatographyon alkaline alumi-
nium oxide eluting with hexane—ethyhcetate(gradient
elution, 9:1-1:9, v/v) afforded a fraction of pure 2,5-
di(octyloxy)-1,4-bis(4pyridylethinyl)benzea (20mg,
yield 0.9%) and fractions containing mixtures of 2,5-
di(octyloxy)-1,4-bis(&4pyridylethinyl)benzer and side-
product 1,4-bis [2',5-dioctyloxy-1-4"-pyridylethinyl)-
benzyllbutadiyngaltogether300mg, yield 13.9%).

'H NMR (CDClg): 6 =0.85(6 H, t, —CHg), 1.53-1.23
[20 H, m, —(CH,)s—], 1.83(4 H, m, —OCH,CH,—),
4.01(4H,t,—0OCH,—), 7.01(2 H, s,Hpnd, 7.35(4 H, d,
H,), 8.59(4 H, d, H3) ppm.*3C NMR (CDCly): 6 = 14.07
(—CHs), 22.56,26.05,29.24,29.30,29.68— (CH,)s—],
31.78 (—OCH,CH,—), 69.56 (OCH,—), 90.32
(—C=C—), 92.29(—C=C—), 113.68(Cppe—=—),
116.85(Cppng, 125.40(C5), 131.42(Cy), 149.77(Cs),
153.87(Cpnhe OR) ppm. MS (CI): calculatednv z =536
(M), foundnv z=537(M + H)*, 425(M + H —CgH17) ™",
312 (M 4+ H — 2 CgH17) " gmol™. UV/ VIS (1,4-diox-
ane):Amax (loge) =237(4.34),307(4.49),316(sh,4.44),
373 (4.36)nm. Analysis: C3gH44N>0, (536.76) calcu-
latedC 80.60,H 8.21,N 5.22;found C 80.09,H 8.46,N
5.66%.

1,4- Bis(2',2"-bipyridine-4"-ylethinyl)-2,5-di(octade-
cyloxy)benzene (M6). 4-Bromo-2,2-bipyridine (640
mg, 2.72mmol), 1,4-diethynyl-2,5-di(octadgtoxy)ben-
zene (862mg, 1.3mmol), Pd(PPh), (63mg, 0.053
mmol, 2 mol%) and Cul (12mg, 0.053mmol) were
dissolvedto a degassedsolution of diisopropylamine
(15ml) and THF (60ml) underan Ar atmosphereThe
mixture was heatedat reflux for 24 h. After cooling to
room temperaturejt was addeddropwiseto 400ml of
vigorouslystirredmethanol After stirring for 15min, the
precipitatewas collectedby filtration, dissolvedin THF
(40ml), passedhrougha 3 ml plug of silicagelandthen
pouredoncemoreinto methanolThe collectedsolid was
purified through column chromatographyon silica gel
elutingwith n-hexane—-THR2:1, v/v) andby reprecipita-
tion of its THF solutioninto methanol. A bright yellow
solid wasobtainedyield 1.14g(90%),m.p. 104-106C.
'H NMR (CDCL): §=0.85(6 H, t, —CHs), 1.19-1.86
[64H, m,—(CH,)16—], 4.04(4 H, t, —CH,0—), 7.03(2
H, s,Hpnd, 7.31(2H, t, Hg), 7.37(2 H, dd, Hx), 7.81(2
H, ddd,H,), 8.38(2H, d, Hs’), 8.52(2 H, s,H3), 8.64(2
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Table 1. Mean degree of polymerization (DP), number- and weight-average molecular weights (M,, M,,) and polydispersity
index (M,/M,,) of polymers obtained from samples prepared with various reaction times

Code R DP Reactiontime (h) Mn(gmol™) Mu(g mol™) o

LP1 H <4 3 125G — —

LP2 CgH17 10 48 5332 13130 2.46
LP3 CaHys 13 48 6907 13460 1.95
LP4 CigHz7 6 24 4660 23800 511
LP5 CyeHar 11 24 8541 23350 2.70
LP6 CigH37 19 48 15260 30160 1.97
APl H <4 5 1362 — —

AP2 CioHos 19 48 12310 31750 2.57
AP3 CyeHay 10 24 8181 11940 1.45
AP4 CigH37 25 48 29790 50570 2.80

& Elementalanalysis,calculatedwith two bromoendgroups.

H, d,Hg), 8.67(2 H, Hg) ppm.**C NMR (CDCly): 14,09
(CHz—), 22.67,26.09,29.28,29.35,29.41,29.68,31.91
[(CH,)16—], 69.72(—CH,0—), 90.43and92.67 (—
C=C—), 113.90 (Cp,e—C=C—), 117.19 (Cppe—H),
121.14(Cy), 123.11(Cs), 123.94(Cs), 125.18(Cs),
132.48(Cy), 136.93(Cy), 149.13(Cq), 149.22(Cg),
153.89(CppeOR), 155.61(C,), 156.28(C») ppm. MS
(Cl): calculated mz=971 (M), found. m/z=972
(M +1)", 719 (M — CygH37) ™, 485 ( 1/2 M), 465(M
—2CygHz7) ", 87gmol . IR (KBr): v=3055(W, Caryr—
H), 2918 and 2850 (vs, CH— and CHs—), 2214 (s,
disubstituted—C=C—), 1394 (m, CHx—), 1279 (m,
Cary—OR)cm™ % UVIVIS (CHCly): Amax (Ioge) =286
(4.46),310(4.46),380(4.48)nm.UV/VIS (1,4-dioxane):
Amax (10g€) =285 (4.59), 310 (4.57), 319 (4.52), 379
(4.49)nm. Analysis: CgeHooN4O, (971.46)calculatedC
81.60,H 9.33,N 5.76;found C 81.40,H 9.62,N 5.66%.

Polycondensation

Poly[5,5'-(1",4"-diethinylene-phenylene)-2,2'bipy-
ridylene] (LP1). 1,4-Diethinylbenzene (350mg,
2.78mmol), 5,5-dibromo-2,2-bipyridine (872mg,
2.78mmol), Pd(PPh)4 (34mg, 0.029mmol, 1.0 mol%)
andCul (13mg, 0.065mmol, 2.3 mol%) wereaddedo a
degassedsolution of triethylamine (3 ml) and toluene
(75ml). After stirring the reactionmixture underreflux
for 3 h, it waspouredinto anexcesamountof methanol.
The precipitatewas collected by filtration and washed
repeatedlywith methanolTheresultingyellow solid was
extractedwith hot tolueneusing a Soxhletextractorto
separatethe toluene-solublefraction, which was used
for the spectroscopicinvestigations. The insoluble
part was dried in vacuum.Yield 0.70g (90.6%), M,,=
1250g mol ™.

IR (KBr): v=3293 (w, =C—H), 2216 (w, —C=
C—), 2105(vw,—C=C—H), 1700(m, —C=N—), 836
(vs, p-disubstitutedbenzenegm . Analysis: (CogH1o
N), (278.31), calculatedC 86.31,H 3.62, N 10.06;
found C 74.34,H 3.55,N 8.15,Br 12.08%.
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The preparatiorproceduresf theotherpolymershave
beenpublishedpreviously®® In this work somepolymers
of the sametype were investigatedwhich vary in the
chainlength.

Mean degree of polymerization. The meandegree®f
polymerization (DP) for the polymers LPx and APx
(Schemel) were calculatedfrom the averagemolecular
weights M,,. The molecular weights of the soluble
polymersweredeterminecby gel permeatiorchromato-
graphyin THF, usinga UV detectorandanRI detector,
andwerecalibratedwith respecto polystyrenestandards.
The alkoxy-substitutd polymersare completelysoluble
in usualorganicsolventsThenumber-averagmolecular
weights of the poorly soluble polymersLP1 and AP1
were estimatedthrough the bromine contentfrom the
elementabnalysiswith theassumptiorthatbromineis at
eitherendof the polymers.Thesevaluesareapproximate
ones; small contents of acetylene end-groupswere
observed for both poorly soluble polymers by IR
spectroscopyFor the soluble polymersacetyleneend-
groupswere excludedby NMR spectroscopy.

Meandegree®f polymerization(DP), meanmolecular
weights(M,,, M,,) andpolydispersityindices(M,/M,,) are
givenin Table1l.

Apparatus, spectroscopic procedures and data
evaluation

Melting-pointswere measurecn a Bichi 530 melting
apparatus.Mass spectrometry was performed using
chemicalionizationwith H,O vapourasgasonaFinnigat
Mat SSQ710instrument*H and**C NMR spectravere
taken on a Bruker DRX 400 and a Bruker AC 250
spectrometer respectively. Gel permeationchromato-
graphicmolecularweightdeterminationsveremadeat a
flow-rateof 1 ml min~* in THF onJascdJV 975andRI
930 instrumentswith SDV columnswith 10°, 10* and
10P A poresizesandwith polystyreneasstandardThe e
valuesweredeterminedn CHCl; and/orl,4-dioxangfor
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Table 2. Absorption maxima (\,;) molar absorptivities (), fluorescence maxima (), quantum yields (@) and lifetimes (t) or mean
lifetimes (<t>) of (a) model compounds and (b) linear and angular polymers in toluene at room temperature

Code R Aa (NM) 2 (Imol~tcm™) At (nm) »° ° (ns)
BPB? — 322 62000 349 0.79 0.68
M1 — 322 48900 349 0.83 0.67
M2 — 343 58000 377 0.95 0.69
M3a — 351 49400 381 0.76 0.55
M3b OGCgH,7 389 49000 430 0.94 1.15
M3c OCHos 388 47000 430 0.89 1.20
M3d OC,Har 390 48000 431 1 1.12
M4 — 305 52000 345 0.05 <0.02
M5a — 318 40700 348 0.49 0.51
M5b OCgH17 373 25000 419 0.87 2.39
M6 OCgH37 381 30400 424 0.90 2.22
(b)

Code R DP® Aa (NmM) e (Imol~*cm™) At (nm) OR <t>9 (ns)
LP1 H <4 357 — 388 0.61 0.38
LP2 OCgH17 10 413 (24200) 454 0.62 0.70
LP3 OCgH17 13 413 33000 456 0.67 0.65
LP4 OC,gHs7 6 406 30000 452 0.55 0.70
LP5 OCgH3z7 11 420 41000 454 0.48 0.75
LP6 CigHz7 19 421 40000 456 0.45 0.55
AP1 <4 329 20900 389 0.45 0.42
AP2 OCyHos 19 387 25000 446 0.57 0.9
AP4 OCgH3z7 25 386 29000 445 0.62 1.18

& BPB = 1,4-bisphenylethinylbenzene.
b Solventchloroform, +10%.
€ +10%.
In dioxane.
¢ Meandegreeof polymerization,
f Permole of repeatingunit, solventchloroform.
9 4-20%.

HPLC, Baker)on a Perkin-ElmerLambdal9 UV/VIS—
NIR spectrometerA Nicolet Impact 400 spectrometer
was usedfor IR measurement€lementalanalysiswas
performedon a Leco CHNS-932Automat.

The solventstolueneandethanolusedfor the spectro-
scopic investigations were of spectroscopic grade
(Uvasol, Merck). The fluorescenceof fluid paraffin oil
(Merck) usedfor polarization measurementsvas less
than 1% of the fluorescenceof the investigatedmodel
compoundsor polymers under the sameexperimental
conditions.

Absorption spectraat room temperatureand at low
temperaturesvere recordedon a Lambda 16 spectro-
photometer (Perkin-Elmer) equipped with an NKT
Kryostat. PMMA cells were usedfor low-temperature
absorptiormeasuremeni®ear77K). Mostly, theoptical
quality of thelow-temperaturglassess betterin PMMA
cellsthanin quartzcells, probablyowing to the greater
flexibility of PMMA.

Fluorescenceand phosphorescenceemission and
excitationspectraandsteady-statéluorescenceolariza-
tion spectraveremeasureavith anLS50Bluminescence
spectromete(Perkin-Elmer).

Copyrightd 2000JohnWiley & Sons,Ltd.

Fluorescencguantumyields were calculatedrelative
to quinine sulphate(purum, Fluka) in 0.1 N H.SOy (pro
analysi, Laborchemie Apolda) used as a standard
(¢ = 0.55) accordingto Ref. 22. The absorbancet the
excitation wavelengthwas kept below 0.05 for the
samplesandthe reference.

Fluorescencé&ineticswereinvestigatedvith a CD900
time correlating single photon counting spectrometer
(Edinburgh Instruments).The excitation sourcewas a
hydrogen-fillednanosecondlashlampgiving an instru-
mentresponseulseof 1.3ns FWHM. Polarizerswith a
vertical orientation on the excitation side and a 55°
(magicangle)orientationon the emissionsidewereused
to avoid polarization effects. Decay curves were
accumulateduntil 10* countsin the maximumwith at
least 10° occupied channels.In order to determine
rotationalrelaxationtimesdirectly from kinetic measure-
ments,the decaycurveswere measuredvith a parallel
and a perpendicularorientedanalyzer. Thesemeasure-
ments were performedwith the highestpossibletime
resolution of the multi-channel analyzer (6 ps per
channel).

To calculatethe fluorescencdifetime and the rota-
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Figure 1. Absorption and fluorescence spectra of the
unsubstituted oligomer LP1 (dashed line) and the related
model M3a (solid line) in toluene at room temperature

tional relaxationtime from the decaycurves the Level 1
(up to four exponentials)and Level 2 (sphericalrotor
anisotropy) packagesimplementedin the Edinburgh
Instrumentsoftwarewereused(Theanalysismakesuse
of the iterative reconvolutiontechniqueand the Mar-
quardtfiiting algorithm.)Plotsof weightedresidualsand
of the autocorrelationfunction and values of reduced
residualsy?® were usedto judge the quality of the fit.

Values of #? larger than 1.3 were not accepted.The
fluorescencineticsof the modelcompoundsneasured
at the magic angle is always singly exponentialand
independenof the emissionwavelength.

The fluorescencekinetics of the oligomers and
polymers(magicangle)showdeviationsfrom first-order
decay and, in some cases, a dependenceon the
wavelengthof the fluorescenceletection.In thesecases
the mean fluorescencelifetime <t> is calculatedas
<t>=>a 1/>_a;, whereg; representshe amplitudeof
theith decaycomponenbr, in thecaseof atime-resolved
emissionscan,the intensity in the steady-statdluores-
cencespectrum.

RESULTS AND DISCUSSION

Linear models and oligomers without alkoxy
substitution

The absorption of the unsubstituted linear model
compoundgM1, M2, M3a) is characterizedy longest
wavelengthabsorptionmaximain the region A5 =320—
350nmandmolarabsorptivitiess > 40000l mol~* cm™*
[Table 2(a)].

The bathochromicshift of the spectraincreaseswith

Table 3. Rate constants of fluorescence, determined by ®¢/t and by the Strickler/Berg equation [k{(SB)] and rate constants

[knr = (1 —p)/7] of radiationless deactivation

@)

Code R O/t (ns Y ke (SBY (ns™}) Kor (NS°Y)
BPB? — 1.2 1.0 0.31
M1 — 1.2 0.83 0.25
M2 — 1.4 0.91 0.07
M3a — 1.4 0.89 0.44
M3b OCgH17 0.82 0.52 0.05
M3c OC1Hps 0.74 0.50 0.09
M3d OCygHs7 0.89 0.52 <0.09
M4 — >0.25 0.8 >4.5
M5a — 0.96 0.68 1.0
M5b OCgH17 0.36 0.27 0.05
M6 OCygHs7 0.41 0.34 0.05
(b)

Code R DP <®r> (ns ) ki (SBY (ns™h) Kor (NS
LP1 H <4 1.6 — 1.0
LP2 OCgH17 10 0.89 0.26 0.54
LP3 OCgH17 13 1.0 0.38 0.51
LP4 OCygH37 6 0.78 0.34 0.64
LP5 OCygH37 11 0.64 0.46 0.69
LP6 OCygH37 19 0.82 0.45 1.0
AP1 H <4 1.1 0.49 1.3
AP2 OCyHas 19 0.63 0.24 0.48
AP4 OCygH37 25 0.53 0.27 0.32

& 1,4-bis-phenylethinyl-benzen.
b With e from solventchloroform.
¢ Measuredn EtOH.
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Figure 2. Absorption and fluorescence spectra of the model
compound M2 in EtOH at 293 and 80 K

thenumberof the aryleneunits,i.e. with the extensiorof
the aromatic system, as expected.The transitionsare
dipoleallowed(nn*) andpolarizedessentiallyparallelto
the long molecularaxis as revealedby semi-empirical
calculations.

The fluorescencef thesecompoundss characterized
by high quantumyields ®; andlifetimest lessthanl ns.

Figure 1 showsthe absorptionand the fluorescence
spectraof the linear model compoundM3a and of the
short-chain(soluble)oligomerLP1, dissolvedin toluene
at room temperatureThe coincidenceof the absorption
and the fluorescenceexcitation spectraof the model
compoundsvil andM3a is perfectandstill satisfactory
for the oligomerLP1.

Thefluorescencapectragspeciallyof the modelsbut
to a lesserextentalsowith the oligomers,showa more
pronouncedvibrational structure than the absorption
spectra.Such spectralbehaviouris known for di- and
higher aryleneethylenesand aryleneethinyleneslt is
explainedby the morerigid structureof the moleculesn
the S; statewith respectto torsionalmotion aroundthe
formal single bonds.According to the Imamura—Hoff-
mannrules?® and also the NEER principle?* aromatic
ringsconnectedy a singlebondbecomecoplanarin the
excited statewith a considerablyincreasedoond order.
The deactivationrate constantsat room temperatureare
given in Table 3. The fluorescencerate constantsk;
calculatedoy the Strickler/Bergequatioraresmallerthan
the ks value, calculatedby @4/ in all casesObviously,
the transitionmomentsof the emissionexceedghoseof
theabsorptionandthemolarabsorptivitys whichis used
in the Strickler/Bergequationfor the descriptionof the
emissiomprocesgjivestoo smallanoscillatorstrengthfor
the emission. This is in full accord with shallower
torsionalminimain the S; state.The sameobservation
wasmadewith distyrylstilbeneand PPV derivatives?>

A decreasén temperatureshouldleadto anincreasing
population of the lower torsional modesof the most
stableS, and S; geometriesConsequentlythe absorp-
tion spectrashowa strongtemperaturaependencavith
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Figure 3. Spectra of the angular model compound M4 in
EtOH: absorption and fluorescence (F) spectra at room
temperature and absorption, phosphorescence (P) and
phosphorescence excitation (PE) spectra at 77 K

themodelcompoundV2 in EtOH asanexample(Fig. 2).

While the structureof the fluorescencespectraat room

temperaturebecomesclearer at low temperaturesthe
absorptiorspectrashowa pronouncead¢hange Thereis a
bathochromicshift of theabsorptiormaximumof 30 nm,

and the structure shows mirror symmetry to the
fluorescenceAt low temperaturehe Stokesshift is very

small,whichindicateghatthe Franck—Condostatesand
theequilibratedstateshaveessentialljthesamegeometry
in boththe groundandthe S; states.

The short-chainsolublelinear unsubstitutedligomer
LP1 showsnearlythe sameabsorptionandfluorescence
maxima as the correspondingmodel compoundM3a
(Fig. 1). Obviously,the relevantchromophoresystemof
the unsubstitutedoligomer is already realized in this
model compound.We assumethat the coplanar and
perpendicularorientation of the rotating arylene units
have nearly the same probability, which causesan
effective segmentationRotation of the aromaticrings
limits thenumberof coplanaringsto threeasa statistical
mean,thuspreventingstrongerdong-wavelengttabsorp-
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Figure 4. Fluorescence and fluorescence excitation spectra
of the unsubstituted angular oligomer AP1 (solid line) and
the related model M5a (dashed line) in EtOH at 77 K

J. Phys.Org. Chem.2000;13: 112126



120 U.-W. GRUMMT ETAL.

By M3d — 110
B —
LPS ... 108
) 3
2 ] c
8 0.6 §
2 o
] [=]
] 4104 =
. @
02F 10.2
0. J S S i ""-‘-.‘.‘,::17 .....
0 300 400 500 600 0-0

Wavelength / nm

Figure 5. Absorption and fluorescence spectra of the
substituted linear polymer LP4 (dashed line), the linear
oligomer LP5 (dotted line) and the related model compound
M3d (solid line) in toluene at room temperature

tion. Obviously,thereis no geometricakelaxationin the
S, state which would lead to a more extendedand
coplanarconjugatedsystembecausehis shouldresultin
a significantly larger Stokesshift.

The oligomer showsa smallerfluorescencejuantum
yield and a shorterdecaytime in comparisonwith the
model. Again, the rate constantof fluorescencedeter-
minedby @ /z (Table3), is nearlythe sameasfor M3a,
supportingthe assumptiorthat M3a canbe regardedas
model for the oligomer. The enhancedradiationless
deactivationcan at leastin part be due to intersystem
crossingcausedby the terminal brominesubstituent At
77 aweakphosphorescencgasfound.

Angular model compounds and oligomers with-
out alkoxy substitution

Thephotophysicatlataof theangularlylinked compound
M4, themodelM1 andtheangularligomerAP1 arealso
givenin Table2. A comparisorof M4 with theoligomers
AP1 revealsthat M4 cannot be regardedas model
chromophorefor AP1. AP1 showsa remarkablebatho-
chromic shift of both the absorptionand the emission
maximaandexhibitsa higherfluorescencguantumyield

anda longerdecaytime. The absorptionof M4 may be
regardedas a superpositionof two tolan units [tolan:

Aa=295nm, £ =29 000 Imol™*em™, e(M4)~2x ¢

(tolan)]. Absorption and emission spectra of M4,

recordedat roomtemperaturendat 77 K, areshownin

Fig. 3. While the fluorescencés still weakevenat 77K,

anintensephosphorescenamuldbedetectedindicating
an efficientintersystencrossingdeactivationchannelof

the S; state.

The fluorescencepectrumof AP1 overlapsconsider-
ably with the absorptionspectrumlt is not independent
of the excitationwavelength Similar effectswerefound
for thesubstitutecangulampolymersandwill bediscussed
below.
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The fluorescenceand the fluorescenceexcitation
spectraof AP1 andthoseof the modelM5a in EtOH at
77K are shownin Fig. 4. One may concludefrom a
comparisorof thespectrahatthelinearmodelM5a is an
appropriatemodelat leastfor the angularoligomer.This
meansthat conjugationin the oligomer chain may be
distortedmainly by torsionaroundthe e-bondconnecting
the pyridine rings of the bipyridyl moiety.

Semi-empirical calculations (INDO1/s after AM1
geometryoptimization) of differently definedrepetition
unitsasafunctionof thenumberof repetitionunitsarein
full accordwith M1 andM5a beingthe mostreasonable
model compounddor the linear and angularpolymers,
respectively.Becauseof known shortcomingsof these
methodsandbecaus@amoredetailedabinitio studyisin
progresgA. Gdler andU.-W. Grummt,to be published),
wewill notgointo detailsof theseresults Theabsorption
and emissionspectraandthe fluorescenceate constant,
ks, of thelinearmodelM1 closelyresemblehoseof 1,4-
bisphenylethinylberene (BPB) and M5a [cf. Table
3(a)]. Aza-substitutionn the4,4-positionof thearomatic
rings of M5a merely leads to a faster radiationless
deactivationprocess.

Alkoxy-substituted linear models, oligomers and
polymers

Alkoxy substitutionat the phenylenering of the model
compoundsndpolymershasa pronouncedffectonthe
electronic structure of all compounds. The alkoxy
substituentsare electron donors which enhancethe
electron density in the ethinylene groups and hence
increasethe conjugationalongthe molecule? This leads
to a bathochromic shift of the longest wavelength
absorptionband of about40nm and a decreaseof the
absorptivity.The fluorescencapectraare concomitantly
red shifted. An additionalabsorptionbandappearsat ca
330nm. Essentiallythe sameeffectsof alkoxy substitu-
tion were found with PPV and distyrylbenzenealeriva-
tives.

Absorptionand fluorescencalataof threedifferently
substitutedinearmodelsM3b-d aregivenin Table2(a).
The photophysicaldata and the spectraare essentially
identical. They showthatthe lengthof the alkyl chain,at
leastfor longer chainsin solutions,hasno influenceon
the photophysicapropertiesin solution,asexpected.

The absorptioncoefficientof the longestwavelength
bandis smallerin comparisonwith the unsubstituted
modelM3a. This indicatesa smallertransitionmoment
whichalsoleadsto thelargernaturalfluorescencéfetime
1/k;. Againthefluorescenceuantumyield remainshigh.
Thus, alkoxy substitutionintroducesno additionaldeac-
tivation processesThe k; values calculatedfrom the
spectra(accordingto the Strickler/Berg equation)and
quantunyield andlifetime (®/7) aregivenin Table3(a).

J. Phys.Org. Chem.2000;13: 112126
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Figure 6. Absorption and fluorescence spectra of the
substituted angular oligomer AP2 (dashed line), angular
polymer AP4 (dash-dotted line) and related models M5b
(solid line) and M6 (dotted line) in toluene at room
temperature

Therelationbetweerthevaluesandtheir explanatiorare
thesameasin the caseof unsubstitutednodels.

The absorptionand the fluorescencespectraof the
substituted linear model compound M3d, the linear
substitutedoligomer LP4 and the polymer LP5 are
presentedin Fig. 5. Evidently, there is a moderate
bathochromicshift of thefluorescencéetweerthemodel
compoundandtheoligomer(DP = 4). A largerdegreeof
polymerization (DP = 20) leaves the emission wave-
length nearly unchanged.The n-systemis somewhat
larger than that of the model compound M3d, by
constrastwith the unsubstitutedM3a and LP1. Elec-
tron-donatingalkoxy substituentsncreasethe conjuga-
tion length. A secondeffect is the weakeningof the
330nm transition relative to the long wavelength
absorptiorwith increasingdegreeof polymerization.

Thefluorescencepectraof theoligomersandpolymers
exhibit smallerbandwidthsat roomtemperaturg¢hanthe
absorptionspectraput they are essentiallyunstructured.
In general,the fluorescenceexcitation spectracoincide
with the absorption spectra, thus the most common
criterionof thepurity of fluorescensubstanceis fulfilled.
Smalldifferencesdo existin the long-wavelengttail of
thespectraFrequentlytheabsorptiorspectrashowaless
steepedgeandsometimeslongweaktail, whichisabsent
in the excitationspectraThe origin of this tail is not yet
clear. Usually, such findings indicate non-fluorescent
impurities. With the bipyridyl-containingpolymersvar-
ious reaction side-productsare conceivable?® some of
which absorbat longer wavelengths:complexeswith
tracef metalspxidationproductsprotonatedipyridyls
and radicals. Metal complexesof bipyridylethinylenes
have been described? We measuredthe UV-visible
spectraof new Ru complexesof modelsand polymers
showingbroadabsorptiorbandsin the regionof 450nm
and emission quantumyields of the order of 1022’
Althoughall theseside-productsnayalsobeformedwith
the model compounds such long-wavelengthtails are
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absenin themodelcompounddg-encetheexplanatiorby
impuritiesor productsis neithersupportechor excluded.
(Purificationof the polymersfrom traceamountsof side-
productss muchmoredifficult! It cannoteexcludedhat
traces of diethinylidene moieties are presentin the
polymer backboneowing to oxidative coupling during
synthesis.JFurtherinvestigationgo clarify this question
arenecessary.

The fluorescencejuantumyields and lifetimes of the
oligomersandpolymersarereducedy ca30%relativeto
the modelcompoundsasa resultof fasternon-radiative
deactivationof the polymers(cf. Tables2 and 3). The
fluorescenceateconstantsbs/r areessentiallthesameas
thoseof the correspondingnodelcompoundsThelower
absorptivitiesof the polymersare at variancewith this
resultbecausehey shouldalsoleadto smallerStrickler/
Bergradiativerateconstantk:(SB) (Table3). Themolar
absorptivities are determinedper unit weight of the
repetition unit as usual. Probably,determinationof the
absorptiorcoefficientgperunit weightof the correspond-
ing modelcompoundvould be morereasonable.

Alkoxy-substituted models and angular polymers

Figure6 showstheabsorptiorandfluorescencepectraof
the angular polymers AP2 and AP4 and of the
correspondingnodelcompounddM5b andM6.

The spectraof thesemodel compoundsare not very
differentfrom thoseof the linearmodelcompoundvi3d.
They showthe essentiakpectralfeaturesof the angular
polymers. In comparison with the linear polymers,
increasingchain length affectsthe spectrain a different
way. The absorptiorspectraof the angularpolymersare
lessred shiftedwith respecto thoseof their modelsand
theshort-wavelengtliransitionretainsthe sameintensity
asthe long-wavelengtiband.Both effectshint at a more
effective hindranceof the z-conjugationin the angular
polymers becauseof non-planar geometries present
alreadyin the ¢ skeletondue to rotations aroundthe
pyridyl—pyridyl single bond. This should also be the
reasonfor the unusualfluorescencebehaviourof the
angularoligomersand polymers.The fluorescenceand
fluorescencexcitationspectradependon the excitation
and emissionwavelengths respectively.This becomes
moreevidentatlowertemperatureTheangulampolymers
should be better describedas a multi-chromophore
systemratherthana moleculeshowingmultiple fluores-
cenceln the caseof segmentegholymerswith consider-
able conformationalfreedom,the existenceof different
absorbing and emitting units is readily conceivable.
Especiallythe angularlylinked polymersmay existin a
largemanifold of conformerdy contraswith theirlinear
counterpartsvhich might be a tentativeexplanation.In
particular,helical structuresnay be formedwhich might
give rise to mr-stacking interaction in sandwiched
chromophor$® However, this interpretationhas to be

J. Phys.Org. Chem.2000;13: 112126
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Figure 7. Absorption (solid line), fluorescence (dashed line)
and fluorescence excitation (dotted line) spectra, excitation
(dotted line) and emission (dashed line) anisotropy spectra
(solid, dashed lines) and fluorescence lifetime (diamonds) of
the linear polymer LP6 in toluene at room temperature

supportedy furtherinvestigationsFromthe comparison
of the low-temperaturespectra,we concludethat M5b
representsone subchromophoreunit of the angular
polymers.

Fluorescence kinetics

Fluorescencekinetics of the model compoundsand the
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Figure 8. The v and vh traces of the fluorescence kinetics of
M3a in toluene at room temperature together with the
excitation pulse profile (I); channel width =6 ps

polymerswere measuredit room temperaturausingthe
polarizer and analyzerof the instrument.The fluores-
cencekineticsof the modelcompoundsneasuredt the
magicangleare alwayssingly exponentialandindepen-
dent of the emission wavelength. The fluorescence
kinetics of the oligomersand polymers (magic angle)
showdeviationsfrom thefirst-orderdecayanddependn
some casesa on the wavelengthof the fluorescence
detection.An example (LP6) is given in Fig. 7. The
emissiondecayof the angularLP2, for instance canbe

Table 4. Lifetimes (1), rotational relaxation times (p) and emission anisotropies (r) of polymers and model compounds in toluene

and paraffin at room temperature

f

Code DPa* Solvent T (ns) pcalcb (ns) pexpC (ns) rcalcCI r(:alce lexp
LP1 <4 Toluene 0.38 <1.62 <0.276 0.17
34.6 Paraffin 0.37 <238 <0.339 0.32-0.29
LP5 11 Toluene 0.75 12.3 0.320 0.27-0.23
130 Paraffin 0.62/0.95 1800 0.340 0.33-0.30
LP6 19 Toluene 0.55 36.6 0.335 0.23-0.20
164
AP1 <4 Toluene 0.42 <2.45 0.290 0.16
32.2 Paraffin 0.44 <360 0.340 0.34-0.18
AP3 10 Toluene 0.72 15.3 0.325 0.15
64.4 Paraffin 2250 0.340 0.30
AP2 19 Toluene 0.9 55.3 0.335 0.16
153 Paraffin 0.65/1.35 8110 0.340 0.27
AP4 25 Toluene 1.18 96 0.336 0.15-0.12
201
M2 — Toluene 0.69 0.17 0.17 0.068 0.067 0.068
11.3 Paraffin 0.65 25 0.332 0.325
M3a — Toluene 0.55 0.25 0.26 0.106 0.11 0.13
13.6
M3b — Toluene 1.15 0.25 0.26 0.061 0.063 0.087
13.6
M3d — Toluene 1.12 0.25 0.34 0.063 0.079 0.09
13.6 Paraffin 1.11 37 0.33 0.33

& Long molecularhalf-axisin A (secondvalues).
b Calculatedby peaic= 4ymabi3KT, ;(toluene)= 0.6¢P,;(paraffin)= 88cP,b = shorthalf-axis.
¢ Calculatedfrom polarizedkinetic measurements.

d Calculatedby reac= 0.34/(1+ 1/ peaid.-

¢ Calculatedby rcaic= 0.34/(1+ t/pexp).-
f Calculatedby reyp= (I — Glun)/(lvy + 2GLp) from steady-statéluorescencespectra.
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describedby two exponentialswith 0.71+4+ 0.08 and
1.46+ 0.18ns with relative yields of the fastercompo-
nentincreasingsmoothlyfrom 62 to 83% in the wave-
lengthregionfrom 350to 420 nm.

Emission anisotropy

The emission anisotropy gives valuable information
about the directions of the transition moment of
absorptionand emission,rotational relaxation of mol-
eculesandenergytransferamongmoleculesThe steady-
state fluorescencepolarization of two heteroarylene
ethinylenepolymershasbeenreported?® We performed
polarizedsteady-stateneasurementsith all modelsand
polymers in solvents of different viscosity at room
temperatureand alsotime-resolvedanisotropymeasure-
mentswith selectedcompoundsAn exampleof experi-
mentalvv andvh tracesis givenin Fig. 8 togetherwith
the excitationpulse.

The fluorescencanisotropyof all compoundss non-
zeroevenin the low-viscosity solventtolueneowing to
therod-like shapeof themoleculeswith the orientationof
the transitionmomentsparallel to the the long axis and
the short fluorescencdifetimes. Table 4 gives experi-
mental (exp) and calculated(calc) rotational relaxation
times and emissionanisotropiesof polymersand model
compoundsin toluene and paraffin oil. Rotational
relaxation times were measuredonly for the model
compoundsn toluene.Rotationalrelaxationtimes pcaic
were calculatedusing the Stokes—Einsteirequationfor
all compounds.The effective rotational volumeswere
assumedo be representedby a rotationalellipsoid with
thelong axisequalto thelengthof therod-like modelsor
polymers.Thediameterof thelinearor angularbipyridyl
unit in the aromatic plane was taken as the short axis
becausesemi-empiricalcalculationspredict the possibi-
lity of nearly free rotation around the acetylene—
(hetero)arenesingle bonds. The molecular dimensions
of the modelsandof the repetitionunits of the polymers
wereobtainedrom simplemoleculaimechanicsalcula-
tions (MM3) neglecting the alkoxy substituents.To
obtainthe dimensionf the polymersthe corresponding
repetition units were multiplied by the degree of
polymerization.The resultsare presentedn Table4.

It is obviousthatthe rotationalrelaxationtime of the
model compoundsn toluene,calculatedfrom the mol-
eculardimensionawith the Stokes—Einsteiequationare
in very goodagreementith thosedeterminedrom the
polarizedfluorescenceinetics. From this we conclude
that the simple geometric model is suitable for a
reasonabledescriptionof the depolarizationof rod-like
molecules.

Fromthecalculatedotationalrelaxationtimesandthe
experimentalsteady-stateemission anisotropiesof the
modelcompoundsn the high-viscositysolventparaffin,
we determinedthe limiting emission anisotropy ro =
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lrexd1 + t/pcaid = 0.34+ 0.02. Similar valueshavebeen
found by us for substituteddistyrylbenzenesand have
alsobeenreportedor anumberof prolatestilbenes® and
phenyloxazoleg?!

Reasonavhy the the limiting anisotropymay deviate
from the theoreticalvalue ro = 0.4 (fundamentalaniso-
tropy of the S-S, transition) have beendiscussedoy
Kawski3? Onepossibilityis a differentorientationof the
absorption and emission transition moments in the
molecule. We determinedthe angle « between the
absorptionand the emissiontransition momentsas 18°
accordingo theequationcoso, = (3rq — 1)/5.3% Although
the stilbeneand phenyloxazolederivativesinvestigated
by Kawski andthe aryleneethinylenesn this work have
different structures (spf-and sp-hybridisized carbon
atomsin the chain,respectively)they do showthe same
fundamentalanisotropies.Possibly the arylene ethiny-
leneswith the bipyridyl unitsin the chainlosethelinear
structureof the ground state upon excitationto the S;
state.Concerningthe geometryof the excited subchro-
mophorescontradictoryresultshavebeenreported.For
acetylenea transoidstructurehasbeencalculatedor the
S, state3® Hirata et al.>® have presentedstrong experi-
mental evidencein favour of a linear and coplanar
diphenylacetylenén thefirst excitedstate(seealsoRef.
36).

The other subchromophore?,2-bipyridine becomes
asymmetricin the S, state accordingto time-resolved
Ramarexperiment@ndabinitio calculations®’ Detailed
quantumchemical calculationsfor our systemsare in
progresgA. Goller andU.-W. Grummt,to be published).

For all model compoundsn tolueneand paraffinthe
emissioranisotropiegalculatedrom the Perrinequation
with ro=0.34 and with the different rotational times
agreewell with the valuesfrom steady-stateaneasure-
ments.In the caseof the oligomers and polymers, the
situation is more complicated:the measuredemission
anisotropiesremostlysmallerthanthecalculatedralues
andtheyarenot constanbverthe fluorescencepectrum
(seeFig. 7).

Onereasonfor the smalleranisotropiescould be the
inadequatedetermination of the rotational volumes,
especially of the alkoxy-substitutedoligomers and of
the cisoid angularpolymers.Otherreasonsare depolar-
ization mechanismslueto additionalmolecularmotions
which are not describedby the simple rotationalmodel
usedaboveanddueto energytransferprocessesEnergy
transfershouldtakeplacein boththelinearpolymersand
the angularpolymersascalculatedbelow (seeTable 5).
With rigid linearpolymersintramoleculaenergytransfer
alongthechainaloneshouldnotalterthedirectionof the
transition momentand hence should not diminish the
emissionanisotropy.However,energytransfertogether
with transversabr torsionalvibrations might causethe
smaller anisotropies observed in the low-viscosity
solventtoluene.Torsionalvibrationsare assumedo be
responsibldor the devationof prolatemoleculesn low-
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Table 5. (a) Data for Forster transfer along polymers in toluene and radiationless deactivation and (b) data for monomer ‘donors’

[cf. Table 2(a)] and ‘acceptors’ in toluene at room temperature

@)

Polymer Model  Ipa? (10~ cmP mold) K20 RS(A) r4d(A) 10" s ko (10°s7Y

LP1 M3a 2.2 4 47.6 17.5 7.4 1.0

LP1 M1 2.2 4 48.2 17.5 6.5 1.0

LP6 M3d 4.6 4 56.3 17.5 9.9 1.0

AP1 M5a 2.4 3.24(t) 43.3 15.5 9.4 1.3
0.0625(c) 22.4 10.5 1.9

AP2 M5b 1.0 3.24(t) 15.5 1.4 0.48
0.0625(c) 10.5 3.0

AP4 M5b 0.69 3.24(t) 38.7 15.5 1.0 0.32
0.0625(c) 29.4 10.5 2.0

(b)

Model compound R NS 5 (NS) ea? (Ilmol~tem™

M1 — 0.83 0.67 48900

M3a — 0.76 0.55 49400

M3d OCigHay 1 1.12 48000

M5a — 0.49 0.51 40500

M5b OCgH:~ 0.87 2.39 25000

a I%A = [[Fo(Nea(WMN AN [Fo(N)/A%dA] with absorptionspectrumea()) andfluorescencespectrumiFp()) from the polymers.
P 1% = (COpa — 3c0IPpRCOIPAR)Z: (1) transoidconformation,(c) cisoid conformation.

€ Ro? = 8.8x10 28¢%®; p/n’lpa.

d Estimaed from modelcalculations(MM3).

© ket = 1/1p(Ro/r)®; energytransferin onedirection.
Datafrom Table 3.

9 From chloroformasa solvent.

viscosity solventsfrom the Perrinequation,resultingin
smaller rotational relaxation times. In highly viscous
solventsthe prolate moleculesbehaveaccordingto the
Perrinequatior=® Thus,in the high-viscosityparaffinoil
thetorsionalvibrationsaresuppressedndthetheoretical
anisotropyapproacheshe experimentalvalue.

A differentsituationis metwith theangularpolymers,
which may exist in variousgeometriesin the limiting
caseof all-transoidgeometryof the bipyridine moieties
thetransitionmomentsof the chromophoregn the chain
are parallelto eachotherandthe long molecularaxisis
large, resulting in high rotational relaxation times and
high anisotropiesThis caseseemsto be approximately
realizedin paraffinoil. The long aliphatic chainsof the
high viscous paraffin possibly promote all-transoid
structuresof the polymers.

In the limiting case of all-cisoid geometries,the
transition momentsof the chromophoresn the chain
arerandomlyorientedandthe rotationalrelaxationtime
of theglobularpolymeris notsolarge.As aconsequence,
both molecular rotation and energy transfer should
contributeto the depolarizatiorof the fluorescenceThis
caseseemdo be realizedto a larger extentin the low-
viscosity solventtoluene.

The decreaseof the anisotropy with the emission
wavelengthis primarily observedwith the linear poly-
mers. With all model compoundsno emissionwave-
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length dependenceof the fluorescenceanisotropy is
observed, as expected for one-componentsystems.
However,the polymersare characterizedy a distribu-
tion of the chainlength.In contrastto the models,the
fluorescenc&ineticsarenot singly exponentiabndvary
within the fluorescencespectrum.From the observed
increasein the mean decay times with the emission
wavelengtha decreasén the emissionanisotropyhasto
be expected However,this effect alone cannotexplain
the measuredralues.

Henneckeetal.>® reporteda decreasén theanisotropy
with the emissiorwavelengttfor poly(p-phenyleneviny-
lene)in a polystyrenefilm, which they explainedby the
existenceof various emitting speciescharacterizedoy
different lengthsof excitedsegmentsWe observedhis
effect in diluted liquid solution where energy transfer
along the polymer chain is much more probablethan
intermolecular transfer betweendifferent chains. The
emission wavelength dependenceshould be also a
consequenceof this energy transfer. The larger the
number of energy transfer steps becomes between
absorptionand emissionof a photon,the larger should
be the depolarization From energeticreasonghe most
probablenumberof energytransferstepsshouldbelarger
for red thanfor blue photons,and hencethe anisotropy
becomeslower at the long wavelength tail of the
fluorescencepectrum.
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Energy transfer

Energy migration along phenyleneethiylene polymer
chains and transfer to incorporated acceptorswere
investigatedby fluorescencegquenchingexperimentsby
Swagetretal. Thesamegroupinvestigatedwo polymers
with related poly(phenyleneethinytee) structures, and
the all-para systemwasfound to exhibit more efficient
energymigration than the more electronicallylocalized
analoguewhich containsmetalinkages.Energy migra-
tion along rigid-rod polymer chains has also been
discussedy Liu.? It wasdescribedy anenergyhopping
modelwith a ratederivedfrom the dipole—dipoleenergy
transfermechanism.

The ratesof energytransferfrom the initially excited
segmentto the first neighbouring segmentin our
polymers estimatedby the Forster equationfor some
oligomersandpolymersaregivenin Table5.

Theoverlapintegralwascalculatedusingtheshape®f
the absorptiorandfluorescencepectraof the polymers;
however,the more realistic molar absorptivitiesof the
correspondingnodelswere usedinsteadof thoseof the
polymers.Donorquantumyields andlifetimes werealso
takenfrom the correspondingnodel compoundsyhich
wereregardedasthe donorpartsin the polymerwithout
energytransferdeactivation. Whereasthe valuesof the
overlapintegralsare of the sameorderof magnitudefor
thedifferentpolymerstheparameter? dependstrongly
on the mutual orientation of the donor and acceptor
transitionmoments.

In the linear polymersthe maximumvalue k*=4 is
assumedneglectingheresultof anangleof 18°). Forthe
angulampolymersonly thetwo limiting case®f atransoid
anda cisoid conformationof the donor—acceptopairsin
thesameplanewereinvestigatedinterestingly the small
x? valuesof the cisoidconformationsrecompensatetly
shorter distancesbetweendonor and acceptor,which
resultsin comparableenergy transfer constantske; of
transoidandcisoidconformationsGenerally theratesof
energytransfetaretwoto threeordersof magnitudenhigher
than the fluorescenceate constantsand many energy
transferstepscan procedebeforea photonis emitted. A
comparison with the rate constant of radiationless
deactivationk,, showsa correlationwith k. A high kg
increasesheprobabilityof reachingatrapin thepolymer
chainwhich leadsto radiationlesgleactivation.

CONCLUSIONS

Alternating linear rigid-rod and angularoligomersand
polymersconsistingof 2,2-bipyridine anddiethinylene-
benzeneunits, although fully conjugatedaccordingto
their structural formulae, are segmentedo n-systems
which comprisethree (hetero)aromatiaings and two
ethinyleneunits. Their spectroscopi@nd photophysical
behaviour can be reasonablydescribedby the model
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compounds1,4-bis(3-pyridylethinyl)benzee and 1,4-
bis(4-pyridylethinyl)benzen, respectively, including
their alkoxy-substitutecanaloguesWhereaghe absorp-
tion maximumis still slightly bathochromicallyshifted
with an increasein the meandegreeof polymerization
from 4 to 20, the fluorescencéandremainsessentially
unchangedPossibly the emissive excited state wave-
functionis lessdelocalizedthanthat of the groundstate.

The model compoundsexhibit fluorescenceguantum
yields closeto unity and shortfluorescencelecaytimes
of around1 ns. Fluorescencenisotropyand rotational
relaxationtimes are consistenwith the Stokes—Einstein
equationand the Perrin equation.The absorptionand
emissionspectraof the polymersandtheir radiativerate
constantsleterminedy fluorescencguantumyield and
lifetime and accordingto the Strickler/Berg equation
showa conjugationlengthof oneto two repetitionunits.
The conjugationalongthe chainis strongerin linearthan
in angularpolymersand strongerin alkoxy-substituted
thanin unsubstitutecpolymers.In angularpolymersat
leasttwo different emitting segmentsverefound.

The shortenedneanlifetimes andthereducedluores-
cencequantummyieldsof theoligomers/polymeridicate
anadditionalradiationlessleactivationchannelwhich is
attributedto energymigration along the chain. Ratesof
energytransfercalculatedor linearandangulampolymers
correlatewith ratesof radiationlessleactivation.

The experimentalimiting emissionanisotropyof the
model compoundsagreeswell with that obtainedfrom
the Stokes—Einsteirequationand the moleculardimen-
sionin low-viscositysolvents Deviationsareobservedn
high-viscosity solvents and with the polymersin all
solvents.The emissionanisotropybecomeswvavelength
dependenwith the polymers.

As a result of model calculations,energy migration
along the polymer chain occursin both the linear and
angular polymers. Evidently, this contributesto the
decreasén the emissionanisotropy.In the caseof the
linearpolymers additionaleffectsareessentiato explain
the anisotropyreductionalso with the linear polymers,
e.g. geometrychangesin the excited statesand low-
frequencybendingvibrationswhich renderthe perpendi-
cular exciton componentweakly allowed evenwith the
rigid linear polymers.

A picosecondtime-resolvedanisotropy study is in
progresdogethemwith theoreticalinvestigationsn order
to obtainamoredetailedquantitativeinterpretatiorof the
emissionanisotropy.
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