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A Simple Multichromophore Design for Energy Transfer in Distyrylbenzenes with Pyrene
Pendants
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A set of Don— Acc — Don multichromophores was synthesized based on a simple design with two pyrene
donors (absorbing antennae) connected to a bis-1,4-(3,4,5-trimethoxystyryl)benzene core acceptor using various
flexible, nonconjugated tethers. Excitation of the pyrene donors at 276 nm in solution yields near exclusive
emission from the core chromophore at 44%0 nm, with energy transfer efficiencies up to 92%, far better

than achieved with simple mixtures. The simple tethering design imposes a high “local” concentration of the
pyrene near the acceptor core unit that is maintained even at very low multichromophore concentrations.
Solvent effects on absorption and emission spectra are very small, except in cases whanejugating

O—C=0 moiety of the tethering group is directly attached to the core chromophore, rather than being placed
in the middle of the tether. Energy transfer in the systems is effective due to good-dmueptor energy
matching. The optimal energy transfer efficiency was achieved using an eight-atom flexible linker.

Introduction molecular systems all have well-defined structures assembled
) ) ) ) . using simple units: pyrene antenna chromophores attached to
~ There is much interest in understanding and controlling 5 centrapara-distyrylbenzene (2.5-oligo-PPV) core emitter with
intermolecular and intramolecular energy transfer in organic \ariaple flexible tether groups to form a Den Acc — Don
conjugated molecules and polymers, as basic research concerngiaq. By comparison, the segmented copolymer incorporates
ing photophysics and as part of the development of photoniC gimjjar structural units that are connected by octamethylene
materials. In multichromophoric molecules, one can design gyoyps, further linking all the chromophores in relative proximity
energy absorption by one or more “antenna” chromophores, {4 gne another. This basic set of molecules allows an initial
which can then transfer their energy to an acceptor chromophoreg,,jyation of pyrene~ distyrylbenzene as an energy transfer
that will in turn photoluminescendeThe_plethora of available set for blue emission, using a synthetically simple proximity
chromophores and means of connecting them provides greakethering strategy that allows wide variation of maximum
scope for systems with widely variable energetic and structural gisiances and (eventually) variation of the tether structure itself
characteristics. for changes in rigidity and polarity.
We have studied the electronic spectroscopy of polyphenyle-
nevinylenes (PPVs) and related systems with controlled chro- Experimental Section
mophore conjugation lengths, especially in segmented block

copolymers. that alternate conjugated chromophores with Pol lecul iaht db | i
nonconjugated solubilizing polymethylene chains. Since the olymer molecuiar weights were measured by gel permeation

segmented copolymers have multiple chromophores held inchromatographylntetrahydrofuran and referenced against linear

e olystyrene standards using a three-column system (Polymer
proximity, energy transfer between the chromophores canP . .
influence their luminescence behavior, especially in systems -@Poratories 306 7.5 mm, 2 mixed-D, 50 A), a Knauer K-501

having a random distribution with different chromophores. The pump with a K-2301 refract|ve_ index deteCtor’ and a K-2600
behavior of such segmented multichromophoric systems bears®V detector _(395 _nr_n). Relatwg quantum yieldgX were
investigation by comparison to more-studied copolymers that measured using quinine sulfate in 0.10 M3d, as a standard
incorporate different chromophoric units. It is easier to under- (n = O'_546)’ according to the procedure of_Chen etal.
stand such structure property relationships by constructing Mqterlals. ,A” compounds were synthesmed from com-
simpler analogues with better-defined structures. mercially avallgble precursors as shown in Scheme 1 Full Qetalls
In this article, we report the synthesis and solution photo- of th_e synthetl_c me_thodologles a_nd charactf_enzatlon of Inter-
physical charact,erization of multichromophoric moleculed, medlates are given In the Supporting Informat_lon. Characteriza-
with comparison to the related, segmented copolymerhe tion of t_he multlchromophores and appropriate model com-
’ pounds is given below.
(E,E)-2,5-Bis(2-[4-(1-pyrenyl)butoxy]ethoxy)-1,4-bis((3,4,5-

*To whom correspondence should be addressed. E-mail: lahti@ trimethoxystyryl )-benzene (1).Mp: 65—71°C. HRMS (FAB
chem.umass.edu. -VIM- . )

T Present address: Departamento de Quimica, Universidad Nacional deM/2): E_‘”al- calcd for GHzo010, 1094.4969; found, 1094.5305.
Colombia, AA 14490, Bogata, Columbia. UV —vis (chloroform,Ama/nm [e]): 245 [50700], 269 [22600],
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General Methods All solvents were used as received.
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276 [36300], 330 [27900], 346 [37500], 387 broad [10308].

NMR (CDCl): ¢ 1.83 (m, 4 H), 1.94 (m, 4 H), 3.32 (t, 4 H,
J=28Hz), 3.64 (t, 4 HJ = 6 Hz), 3.83 (overlapping s plus t,

22 H), 4.22 (t, 4 HJ = 5 Hz), 6.68 (s, 4 H), 7.01 (d, 2 H,=

16 Hz), 7.34 (d, 2 HJ = 16 Hz), 7.14 (s, 2 H), 7.77 (d, 2 H,

J = 8 Hz), 7.96-8.24 (m, 18 H).3C NMR (400 MHz,
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104.02, 121.95, 122.59, 123.45, 125.05, 125.18, 125.28, 126.10,
126.97,127.23, 127.47,127.61, 127.74, 128.95, 129.69, 130.20,
131.13, 131.66, 133.70, 135.72, 138.30, 151.09, 153.68, 173.64.
FTIR (KBr pellet, cnt1): 3035, 2934, 1735, 1580, 1507, 1419,
1322, 1244, 1127, 1005, 962, 844. BVis (THF, Ama/nm [e]):
243 [94600], 264 [47200], 276 [70100], 327 [75000], 343
[97000], 397 [48200].
(E,E)-2,5-Bis(2-[2-(4-[1-pyrenyl]butyryloxy)-ethoxy]-ethoxy)-
1,4-bis(3,4,5-trimethoxystyryl)benzene (3Mp: 107—110°C.
HRMS (FAB, nVz): anal. calcd for GgH74014, 1210.5247,;
found, 1210.5079"H NMR (CDCl): 6 2.15 (m, 4 H), 2.45 (t,
4H,J=8Hz),333(t 4HIJ=8Hz),381L( 4HI=14
Hz), 3.89 (overlapping s plus t, 20 H), 4.17 (t, 4 H+= 8 Hz),
431 (t, 4 H,J=4Hz), 6.73 (s, 4 H), 6.99 (d, 2 H,= 16 Hz),
7.29 (d, 2 HJ =16 Hz), 7.06 (s, 2 H), 7.80 (d, 2 H,= 8
Hz), 7.97 (m, 10 H), 8.12 (m, 8 H}3C NMR (CDCk): 26.70,
30.95, 32.20, 33.75, 56.12, 61.27, 63.35, 69.05, 69.45, 69.95,
103.69, 122.59, 123.35, 124.75, 124.87, 124.98, 125.10, 125.97,
126.63, 127.07, 127.34, 127.46, 128.68, 129.69, 129.90, 130.13,
131.36, 133.50, 135.72, 137.30, 150.92, 153.38, 173.41 UV
vis (THF, Amaynm [e]): 243 [103800], 266 [41300], 277
[64500], 328 [61000], 344 [84550], 375 [32300].
(E,E)-2,5-Bis(4-(1-pyrenyl)butyryloxy)-1,4-bis(3,4,5-tri-
methoxystyryl)benzene (4)Mp: 224-226°C. HRMS (FAB,
m/z): anal. calcd for GgHsg010, 1034.3668; found, 1034.4030.
1H NMR (CDCl): 6 2.40 (m, 4 H), 2.82 (t, 4 H) = 7.2 Hz),
3.53 (t, 4 H,J = 8 Hz), 3.67 (s, 12 H), 3.78 (s, 7 H), 6.61 (s,
4 H), 6.95 (d, 2HJ =16 Hz), 7.01 (d, 2 HJ = 16 Hz), 7.42
(s, 2 H), 7.92-8.12 (m, 20 H)13C NMR (CDCk): 26.98, 32.84,
33.97, 55.93, 60.95, 103.88, 120.21, 120.45, 123.18, 124.90,
125.10, 125.97, 126.93, 127.35, 127.44, 127.68, 128.75, 130.14,
130.83, 131.43, 131.87, 132.70, 135.02, 138.40, 145.89, 153.38,
171.54. UV-vis (THF, Ama/nm [e]): 243 [127000], 265
[57500], 277 [74400], 328 [62000], 344 [82000], 393 [42800].
Segmented Copolymer (5)Yellow powder. UV-vis (THF,
Amadnm [e]): 242 [67000], 264 [35500], 276 [48000], 315
[22600], 328 [40500], 344 [51300], 375 broad [10000]. GPC
(THF): M, = 9100,M,, = 15700.2H NMR (CDCl): 6 1.27—
1.43 (m, 10 H), 1.751.92 (m, 14 H), 3.28 (m, 6 H), 3.62 (m,
H), 3.85 (m, 12 H), 3.94 (m, 6 H), 4.20 (m, 4 H), 6.62 (m, 2
H), 6.70 (m, 2 H), 7.03 (m, 2 H), 7.14 (s, 1 H), 7.30 (m, 2 H),
7.79-8.26 (m, 20 H). A small residuum of vinyl end group
resonances was observedd@6.2—-5.5 in theH NMR. 3C
NMR (CDCly): 22,68, 25.30, 25.84, 28.33, 29.46, 29.76, 30.10,
31.61, 33.18, 34.68, 56.11, 69.32, 71.44, 73.59, 103.39, 103.83,
123.38, 124.79, 125.00, 125.76, 126.54, 127.19, 127.51, 128.58,
129.74,130.88, 131.40, 133.03, 133.34, 136.85, 137.30, 151.09,
153.56.
(E,E)-2,5-Bis(2-hydroxyethoxy)-1,4-bis(3,4,5-trimethoxy-
styryl)benzene (11).This compound was made by a previously
published procedure. Mp: 245247 °C. *H NMR (DMSO-
dg): 0 3.67 (s, 6 H), 3.82 (overlapping s plus t, 16 H), 4.08 (t,

CDCly): 28.33, 29.69, 33.16, 56.04, 60.95, 69.33, 69.53, 71.44, 4 H,J = 4 Hz), 6.89 (s, 4 H), 7.3 (d, 2 Hl = 16.8 Hz), 7.45
103.67, 122.82, 123.35, 124.64, 124.74, 124.78, 124.98, 125.74(d, 2 H,J = 16.8 Hz), 7.34 (s, 2 H).
126.52, 127.17, 127.48, 129.10, 130.86, 131.86, 136.62, 153.30. (E,E)-2,5-Bis(undecanoloxy)-1,4-bis(3,4,5-trimethoxystyryl)-

(E,E)-2,5-Bis(2-[4-(1-pyrenyl)butyryloxy]ethoxy)-1,4-bis-
[2-(3,4,5-trimethoxy styryl)-benzene(2). Mp: 162—164 °C.
HRMS (FAB, nV2): anal. calcd for GHeeO12, 1122.4554;
found, 1122.4496'H NMR (CDCls): 6 2.15 (m, 4 H), 2.46 (t,

4H,J=7Hz),3.28 (t, 4 HJ = 7 Hz), 3.84 (s, 4 H), 3.86 (s,

14 H), 4.22 (t, 4 H) = 5 Hz), 4.55 (t, 4 H) = 5 Hz), 6.72 (s,
4 H), 6.95 (d, 2 HJ = 16 Hz), 7.04 (s, 2H), 7.33 (d, 2 H,=

16 Hz), 7.72 (d, 2 HJ = 8 Hz), 7.92 (m, 10 H), 8.12 (M, 6 H).

benzene (19)Mp: 103-105 °C. HRMS (FAB, nV2): anal.
calcd for GoH70010, 830.4827; found, 830.4969H NMR
(CDClLy): 6 0.87 (t, 6 H,J = 6 Hz), 1.25 (m, 24 H), 1.43 (m,

H), 1.83 (m, 4 H), 2.64 (t, 4 H) = 7.6 Hz), 3.87 (s, 8 H),
3.89 (s, 16 H), 6.69 (s, 4 H), 6.94 (d, 2 Bi= 16 Hz), 7.00 (d,
2 H, J = 16 Hz), 7.37 (s, 2 H)}3C NMR (CDCk): 14.12,
22.68, 25.15, 29.30, 29.90, 31.88, 34.47, 56.11, 61.00, 64.80,
103.87,120.14, 124.56, 127.35, 132.72, 138.43, 145.82, 153.41,

13C NMR (CDCh): 26.92, 32.84, 34.20, 56.43, 61.27, 67.95, 172.04. UV-vis (THF, Ama/nm [e]): 356 [24900].
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SCHEME 1: Multichromophore Syntheses: (a) NaH, THF, Heat 7 days, 28%; (b) Pd(OAg) P(o-tolyl) s, DMF/NBu3,
85-90°C, 76%; (c) Pd(OAc),, P(o-tolyl)3, DMF/NBu3, 120-125°C, 40%; (d) NEts, 24 h, 70%; (e) 2-butanone, KCO3, 18-
crown-6, Heat 7 days, 61%; (f) Pd(OAc), P(o-tolyl)3, DMF/NBu3, 120°C, 77%; (g) 12, CH,Cl,, NEts/DMAP, 40%; (h)
CICH20CH3, HN(i-Pr)o/CH,Cl,, 94%; (i) Pd(OAC),, P(o-tolyl)s, DMF/NBu3, 105°C, 91%; (j) p-toluene sulfonic acid, r.t.,
EtOH/CH ,Cl,, 84%); (k) 4-(1-pyreny))butyric acid, PPhs/NEts/CCls, CH3CN, 48 h, 56%.

(E,E)-2,5-Bis(undecanoloxy)-1,4-bis(3,4,5-trimethoxystyryl)- coupling of8 with 3,4,5-trimethoxystyren&9, gave compound
benzene (19)Mp: 103-105 °C. HRMS (FAB, n/z): anal. 1. A similar procedure using divinyl compountid’ gave
calcd for GoH70010, 830.4827; found, 830.4969H NMR segmented copolymes. The etherification betwee6f and 7
(CDCl): 0 0.87 (t, 6 HJ =6 Hz), 1.25 (m, 24 H), 1.43 (m,  was sometimes problematic, so we switched to esterification
4 H), 1.83 (m, 4 H), 2.64 (t, 4 H) = 7.6 Hz), 3.87 (s, 8 H),  for subsequent tether assemblies. A pre-assembpad:
3.89 (s, 16 H), 6.69 (s, 4 H), 6.94 (d, 2 Bi= 16 Hz), 7.00 (d,  distyrylbenzene unitL1, was made by our previously reported
2 H,J =16 Hz), 7.37 (s, 2 H)}*C NMR (CDCh): 14.12, route* and reacted with 4-(1-pyrenyl)butyryl chlori@é,12, to
22.68, 25.15, 29.30, 29.90, 31.88, 34.47, 56.11, 61.00, 64.80,give ester-tethered in good y|e|d and h|gh purity_ Simi|ar|y’
103.87, 120.14, 124.56, 127.35, 132.72, 138.43, 145.82, 153-412,5-dii0d0hydroquin0|l35 was converted to diiodo-dial4to

172.04. UV-vis (THF, ima/nm [¢]): 356 [24900]. and coupled with styreng® to give diol 15, which was then
esterified with1289to give 3. Compoundl.3® was also protected
Results as the bis-methoxymethyl eth&, subjected to Heck coupling

Synthesis Scheme 1 summarizes the methods used to maketo give distyrylbenzené&?, and deprotected to give the quinol
compounds1—5. Tosylate 6 was made by reduction and 18, which was esterified witi2 to give4. An alternative route
tosylation of commercially available 4-(1-pyrenyl)butyric acid, to obtain4 by first esterifying13 with 12, followed by Heck
then coupled with diol”* to make diiododiethe8. Heck-type coupling with 15, gave poor and variable yields, whereas the
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TABLE 1: UV —Vis, Fluorescence Maxima in Different
Solvents for Multichromophores and Related Compound®
UV —Vi s (Amax NM) Fluore scencélfa, nm)
o compound MCH ACNP THF® CHL® MCH ACN THF CHL
§ 1 387 390 386 391 445 448 447 448
= 343 342 3435 346
2 327 3265 328 329
2 315 316
275 2755 277 279
2 394 394 394 393 4455 4475 446 448
343 342 345 346
326 3265 330 330
e 318 317
2755 2755 278 278
3 3885 392 393 392 448 452 446 452
343 342 344 345
327 3265 328 329
o 276 2755 277 278
g 4 367 368 369 368 445 476 450 450
2 343 342 344 345 426
S 3265 3265 328 329
2 275 276 277 278
< 5 375 373 446 450 4475 451
343 345
3275 3285
315 316
276 2775
11 384 385 3835 387 445 448 4445 4475
19 359 358 358 360.5 444 470 451 450
421
aFluorescence excitation at 276 nkiMICH, methylcyclohexane;
8 ACN, acetonitrile; THF, tetrahydrofuran; CHL, chloroform.
s
] . .. . " B
£ tion. This is attributable t@d having an OGO group directly
_§ attached to the core, whereds-3 have an O(CH), group
< attached; the latter tether attachment is a minimal perturbation
relative to model core systefri. The effect of direct attachment
of an OCG=0 group to the core was shown by bis-undecanoy!
esterl9, which also exhibits a blue-shifted absorbance maximum
. . . . —L by comparison td 1. The difference in absorption spectrum in
250 300 350 400 450 500 S50 600 4 thus is not simply due to the use of a shorter tether by
Wavelength (nm) comparison to systems-3.
Figure 1. UV—vis spectra in chloroform df—5, 11, and pyrene (Pyr). Polymer5 also shows a difference in its core component
Absorbances scaled for similarity in comparison. absorption relative td 1. Since there is no difference in the

conjugation length or direct substitution pattern Dmelative

route shown in Scheme 1 was dependable in our hands. Theto 11, the spectral change is most likely attributable to a
use of 4-N,N-dimethylamino)pyridine (DMAP) significantly  conformational or aggregation effect. One possible conforma-
improved esterification yields by comparison to procedures tional effect may be twisting of the core conjugation system
without it. due to effects of incorporating both pendant tethers and the in-

Compoundsl—4 were characterized bjH NMR and 13C chain polymethylene linkers in the polymer chains. There is
NMR, and their identities confirmed by high-resolution mass little solvent effect on the absorption & if the blue shift
spectrometry. The high trans olefin specificity from the Heck relative to11 is due to aggregation or chain folding, then the
coupling reactions was shown Byl NMR spectroscopy, which  effect is not significantly solvent dependent.
showed no evidence of cis ethylenic protons in the€/Gegion
of these products. Polymés was also characterized by gel QCHs
permeation chromatography & in tetrahydrofuran against OCHs
polystyrene standards, which gaMa = 9100 with a polydis- \/\/\/\/j\
persity index of 1.7 and degree of polymerization18. The o0 OCHs
polymer formed homogeneous films when cast from solution O

onto glass.
Absorption and Excitation Spectroscopy Solution UV— CHsO. 0. .o
vis spectra forl—5 (Figure 1) reflect an overlay of the O \i/\/\/\/\
component chromophores, with a higher energy region from CHz0
the pyrene exhibiting sharp vibronic fine structure at-2360 CH40 19

nm and a lower energy featureless band at about 390 nm from

the core distyrylbenzene chromophore. Table 1 summarizes Fluorescence excitation spectra for5 monitored at 445 nm
these absorption spectral results. While multichromophbres match the corresponding absorption spectral bands well (see
show core chromophore absorption maxima sirfiitar core Supporting Information), supporting the absence of significant
model systenil, systen¥ exhibits a blue-shifted core absorp- emitting impurities. By comparison, the excitation spectrum
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Figure 2. Emission spectra in chloroform df(a), 2 (b), 3 (c), 4 (d), 5 (e), and a 2:1 mixture of pyrertt (f); all at micromolar concentrations.
Solid line spectra excited at 276 nm, and broken line spectra excited at 365 nm. Intensities in arbitrary units; ordinates in each plot are scaled
relative to one another for ease of comparisor=MRayleigh scattering peak.

monitored under the same conditions for a physical mixture of central core chromophores at about 445 nm (maximum) with
pyrene with core model chromophdté resembles the absorp- some broadened vibronic features tailing to about 520 nm. The
tion spectrum ofL1, showing little energy transfer from pyrene spectra are almost identiéalo that of core modelll The
to 11 under these low concentration (micromolar) conditions. remnant pyrene emission is a few percent at most and in some
These results will be further discussed below. cases is undetectable despite excitation at wavelengths where
Emission Spectroscopy Luminescence emission spectra pyrene has overwhelmingly dominant absorption. By compari-
were obtained forl—5 at about 1uM concentrations in son, spectra of the dilute physical mixture shows strong variation
chloroform using several excitation wavelengths. As a com- with excitation wavelength, showing that energy transfer from
parison to independent chromophore behavior, spectra were alsalonor pyrene to acceptdr is limited at these concentrations.
obtained for 2:1 mixtures of pyreril. Example spectra for Solvent effects in methylcyclohexane, tetrahydrofuran, chlo-
1-5are shown in Figure 2 for two excitation wavelengths, one roform, and acetonitrile are minimal far—3 and5. However,
for dominant pyrene absorption and one for dominant core systemd shows a significant luminescence solvent effect (Figure
absorption. Table 1 includes the emission spectral details. The3). Its emission spectrum in chloroform overlaps the spectra
multichromophores show nearly exclusive emission from the for 1—-3 and5 in chloroform but shows no vibronic features.
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Figure 3. Solvatochromic effects on luminescence spectradof Figure 4. Emission spectra in chloroform of pyrene dyad model,
Intensities in arbitrary units; ordinates in each plot are scaled relative solid line at 4uM, broken line at 750@&M. Ordinates in each plot are

to one another for ease of comparison: ME&Hmethylcyclohexane, scaled relative to one another for ease of comparison.

CHL = chloroform, ACN= acetonitrile, and R= Rayleigh scattering

peak. Discussion

TABLE 2: Relative Fluorescence Emission Quantum Yields The pyrene fluorescence emission bands at about 400 nm

SI;)IEL)_ OfdMUE}CfterrT%phforeS %‘?dH IB)ElatgdCﬁlomeioundS. (3.1 eV) are a good match for direct energy transfer to the
ained in Tetrahydrofuran an oroform ; Alinn.

(CHL), with Estimated Energy Transfer Efficiencies, at 276 glstyryl S\elﬁzgneb(Z.S ?Ilgo I;P\/t)3a8(:5c:ept0r3020revch\r/3[]nop:lr$re

nm Excitation Wavelength (7&r)? aving vis absorption abou nm (3.2 eV). en the

core is excited, it emits at about 455 nm (2.7 eV). This antenna-

Pr i to-core, donor-to-acceptor energy transfer mechanism is the

Compound THF CHL CHL main emission pathway for the multichromophores. Only a few

1 0.20 0.30 0.52 percent of monomeric pyrene emission occurs in some cases

2 0.32 0.30 0.92 (parts a, c, e of Figure 2) before energy transfer to the core.

3 0.36 0.51 0.67

4 0.09 0.25 0.57 Pyrene — Pyrene* Pyrene Pyrene

5 0.13 0.04 0.70 4 Y energy Y y

mixture 0.09 b 0.11 . it

11 034 0.40 Wa 2.5PPV 25PPV transfer 25PPV* £ 2 5ppV

Pyrene 0.04 0.09 n/a

Pyrene excimer formation was not observed to occur to a
significant extent in the multichromophores, judging by a lack
of distortion of multichromophore emission spectra at millimolar

In methylcyclohexane, vibronic features are visible, but the . centrations by comparison to spectra of model core emitters
spectral maximum is blue shifted 30 nm relative to acetonitrile. 11 gng19.

The emission spectra of core moded show very similar As a control for intramolecular excimer formation, the
behavior in the same solvents. The solvent shiftd Bnd19  flyorescence emission &was studied for excitation at300
thus are attributed to the direct attachment of:thgolarizable nm. In 8, the pendant pyrenes are held within-&2 A
OC=0 group to the emitting chromophore, allowing a greater (centroid-centroid distance) of one another, the same ds-2
polarizability of their excited states. Despite this difference, Pyrene itself shows predominantly monomeric emission in
energy transfer from excited-state pyrene antennae donors tomicromolar concentrations, with predominant (but not exclusive)
the acceptor core it still greatly dominates over pyrene excimer emission in millimolar concentratiof’sCompounds
emission. shows significant monomeaind excimer emission in similar
The 1uM physical mixtures of pyrene withl show emission ~ ratios over 47500 uM concentrations (Figure 4), but its

from both chromophores until the excitation wavelength is €Xcimer emission intensity is 10-fold weaker than that of pyrene
increased to the point thatl alone absorbs. For 276 nm atmillimolar concentrations and 40-fold weaker at micromolar

excitation, the mixtures show much more pyrene emission concentrat_ions than the emission bands observed for similar
concentrations of—5 (all excited at 276 nm). The data support
that neither intermolecular nor intramolecular pyrene excimer
formation compete with pyrene to core energy transfer.

i . : o The quantum yields of Table 2 were obtained at excitation
_Quantum Yields. Solution-phase relative emission quantum wavelengths where pyrene is essentially the sole absorber.
yields ¢y were measurédfor 1—5, pyrene, and core model  compoundsl—3 have similar quantum yields, while the short
chromophore 1 under the same conditions and are summarized tethered system and copolymes have significantly smaller

in Table 2. The efficiency of energy transfeji() in 1—5 was ones. A speculative but plausible reason for the lower quantum
estimated by a literature methddhat compares normalized  yield in the polymer is that chain folding may inhibit the ability
absorption and excitation spectra, assuming that the pendanif the pyrene antennae to achieve a favorable conformation for
pyrenes act as independent chromophores despite being tethere@nergy transfer. In the molecular multichromophores, the core
The transfer efficiencies are also given in Table 2, with is the energy sink with a reasonably high emission quantum
comparison to a 2:1 mixture of pyrefdé:measured under the yield and emission is favorable so long as overall concentrations
same conditions. are not large. However, in the copolymer, all the multichro-

aSee ref 3 for methodology.Not determined.

relative tol1in chloroform than in tetrahydrofuran (Supporting
Information), whereas all the multichromophores show nearly
exclusive core chromophore emission, regardless of solvent.
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mophores are tethered close to other multichromophores by thetend to increase the orientation facidrabove 2/3 but not to
octamethylene linkers, providing far more quenching possibili- the upper limit of collinear parallel dipoles. 4f is assumed to

ties than those which occur for isolated multichromophores. If be 0.66-1.0, then the critical distance does not change much
favorable conformations for energy transfer are hinderes in  anyway, due to the one-sixth power dependenc®ybn «?.

then this would also explain why a more readily observable Time-resolved tests such as fluorescence anisotropy experiments
amount of pyrene emission occurs than in the molecular could shed more light on possible nonrandom dipole motion
multichromophores (Figure 2e). on the time scale of such tethered systems but are not available

The reason for the poor quantum y|e|d 4)fs IeSS Obvious to us at present. We hOpe to be able to dO thlS in the future.
but may be due to a tether that is too short to allow the pyrene - 6
antennae to adopt geometries favorable for energy transfer. The Ry = 0.211kn “¢pJ(4)] 1)
precise multichromophore geometry during the energy transfer o
is not known in this work. If a tethered pyrene is fully extended, ~ The energy transfer efficienciggr from the antennae to the
then the distance from the central ring of the core to the pyrene COre are very good by comparison to physical mixtures of pyrene
centroid is 15-16 A, but molecular mechanics calculations show @nd 11 at the same concentrations. The optimal systerd, is
that a pendant pyrene might stack above the alkoxy-substitutedith @ tether length of eight atoms through an ester linkage.
terminal rings of the core. Perfluorobenzene (PF) in ratios up 'n€ high efficiency in2 is also shown by the fact its pyrene
to 8:1 PF2 was added in an effort to perturb the energy transfer €mission is nearly undetectab_le when excited, whlle_ the other
process ir2 by intercalation into a putative stacked conformer Multichromophores show varying small pyrene emission peaks.
but gave=2% decrease in emission intensity and no qualitative 1h€ ability to optimize efficiency as a function of the tunable
change in the spectrumH—-NOESY experiments fo? in tether is a deswab!e fgature pf these.structurally smple myln-
chloroformd at ambient temperature (mixing times of 200, 300, chromophores, which in principle can incorporate a wide variety
500, and 600 ms and 1.2 s) showed no significant interactions ©f tether lengths, structures, and rigidities.
between the core chromophore methoxy groups and any of theSummary
pyrene C-H groups. This rules out significant conformational
populations with a pyrene antenna closentBah to theterminal
rings of the core. Of course, a very minor amount of a folded
conformation may yield the observed energy transfer. Further
work is required to evaluate what characteristics of the tether

(rigidity, length, structure) can have a major influence on energy than that in a physical mixture at comparable concentration.

transfer properties of these r’.nultlchro.rr_mphores. ) Because a high effective concentration is achieved with a small
Because of the geometric flexibility of the multichro-  yeq) concentration, intermolecular quenching mechanisms such
mophores, it is not obvious whether dipeieipole or direct 55 pyrene excimer formation are much less important. Variation
orbital overlap models are most appropriate to describe the of the tethers not only allows for different degrees of “reining
energy transfer process. For example, if intramoleculatack- in” the energy gathering antennae to the core but also allows
ing of a pyrene pendant above the core assists energy transfefor solubility tuning in different solvents (e.g., water with PEG
here, then that should favor the orbital overlap mechanism. tethers). The synthetically tempting direct attachment of an ester
Although recent studié$suggest that simple Fster or Dexter  ypjt to the core chromophore gave spectral variability with
models have limitations when applied to some multichro- splvent and reduced the quantum yielddinwhereas putting
mophoric systems, the"Fster approach is most typically used  the ester group in the middle of the tether did not perturb the
a priori. From the Frster model, a critical transfer distance energy transfer behavior significantly. This shows that tether
parameteRo (in angstroms) can be obtained using é§Where  tuning is important to find the best structure for energy transfer
J(7) is evaluated by the overlap of the pyrene donor emission in this system. Also, too much antenna/core interlinking reduces
spectrum with the core absorbance spectrgpis the donor  overall energy transfer efficiency, judging by the presence of
quantum yieldn is the medium refractive index, and = 0—4 pyrene emission in polymérand its reduced emission quantum
depending on the geometry of interaction between donor andyield. Future studies are planned to determine the effects of
acceptor dipoles. A value @fp = 0.04 was measured for pyrene  tether rigidification and structural alteration on energy transfer
in chloroform (excitation at 345 nm), amd= 1.446 was used by comparison to the present set of systdmg and hopefully
for the refractive index of chloroform at room temperature. By time-resolved spectroscopy to probe the dynamics of the energy

the use of the overlap between the pyrene emission and coreransfer processes as a function of structural change.
(11) absorption spectra fal(4), the random orientation factor

Multichromophored —4 have a structurally and synthetically
simple design that provides a high local effective concentration
of the pyrene antenna absorbers in the vicinity of the core
acceptor chromophores, by tethering the chromophores together.
Thus, energy transfer to the acceptor is much more efficient

k2 = 2/3 yields a critical transfer radius & = 25.4 A from Acknowledgment. This work was supported in part by the
eq 1. For collinear dipolesf = 1) and collinear parallel dipoles University of Massachusetts College of Natural Sciences and
(k2 = 4), Ry = 27.1 A andRy = 34.2 A, respectively. Mathematics. We thank Prof. F. E. Karasz for use of a

fluorimeter and Dr. L. Charles Dickinson for assistance with

The structural framework of these Dorr Acc — Don NOESY experiments,

multichromophores allows considerable mobility of the pyrene
antennae/donors relative to the acceptor/emitter cores. The Supporting Information Available: Comparison of pyrene
pyrene units can move from the geometric plane of the core to emission to absorption ofll, excitation spectra ofl—5,
positions above the core, although the latter geometry is hardercomparison of absorption and excitation spectralfand 2,

to attain for the short-tethered systdmAssuming completely solvent dependence of fluorescence spectra for physical mixtures
random alignment orientations of pyrenes relative to cores may of pyrene andlL1, solvent dependence of fluorescence spectra
be an oversimplification, especially fdr The tethers in these  for 19, molecular mechanics optimized structure hf 2D
systems are likely to constrain the pyrenes more to the plane ofNOESY spectrum of, and synthetic details for Scheme 1 (12
the core unit, to limit folding and resultant steric interactions pages) are given. This material is available free of charge via
for the relatively short tethers used in this study. This would the Internet at http://pubs.acs.org.
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