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Abstract: Dibenzofulvene (DBF) was polymerized using anionic initiators to afford a vinyl polymer. Oligo-
(DBF)s having from two to eight side-chain fluorene moieties bearing different chain-terminal groups were
isolated by preparative size-exclusion chromatography. The structures of the isolated oligomers were
revealed by single-crystal X-ray and *H NMR analyses. Both in solution and in crystal, the in-chain fluorene
moieties stacked on top of each other, while the terminal conformation varied depending on the terminal
group. These conformational characteristics were supported by molecular mechanics and dynamics
calculations. The oligomers and polymers indicated hypochromism and red shift in UV absorption spectra
and exclusive excimer emission in fluorescence spectra. In addition, reduced oxidation potentials were
observed for the oligomers in electrochemical analyses, which suggests charge delocalization over the
m-stacked electron systems. The photophysical and electrochemical effects increased with the chain length
of the oligomers and leveled off around the chain length of an oligomer consisting of five fluorene units.

Introduction oligomers consisting of aromatic donor and acceptor units, the
The conformation of macromolecules often has significant chain folds into a pleated conformation due to a deramceptor.
influence on the properties and functions of polymeric materials. ~ Vinyl polymers with side-chain aromatic groups could also
Polymers having a specific conformation, such as a helix, have Nave z-stacked conformations when they have stereoregular
been synthesized, and their functions have been explored inMain chains. However, most examples of stereoregular synthesis
relation to their structuresA type of unique conformation may ~ ©f @ side-chain aromatic vinyl polymer involve polystyréne
be characterized by regularly stackeelectron systems. Stable ~WnOse conformational dynamics are too fast in solution to
and regulatedr-stacked structures in polymers are known for maintain a specific conformation. Hence, synthesmng_ a \_/|nyl
DNA,2 poly(phenyleneethylnylenejsoligomers consisting of polymer th_at has a stable, regulatm_ﬂ;tacked conformatlor_l is
alternating donor and acceptor monomeric uhitad oligomers & challenging goal. Although a partiatstacked conformation
having perylene moieties in the main ch&im.the DNA, paired has been proposed for lenylcarbazoleY,the conformation
bases are regularly stacked inside the helical strand. In the poly-IS €xPected to exist only in relatively short monomeric sequences
(phenyleneethynylene)s, phenylene groups in the main chainP€cause the stereoregularity of the polymer is rather low.

closely overlap due to helical folding of the polymer chain. In N séarch of novel, functional polymers with specific con-
formations, we recently found that dibenzofulvene (DBF) affords

ImFsSTTQ JST. a polymer with side-chain fluorene chromophores regularly
(1) For re.views of helical polymers and oligomers (foldamers), see: (a) S.ta.CkEd on top of eagh other, and We. cpmmunlcatgd the pre-
3kag10to, & l’\\llalga\n%, TCh_?m_.I_Re. 1994 A94, g49;3;2. I_(2) GrSe§n, M. liminary results® Despite a structure similar to 1,1-diphenyl-

.; Peterson, N. C.; Sato, T.; Teramoto, A.; Cook, R.; LifsonS&8ence .
1995 268 1860-1866. (c) Geliman, S. HAcc. Chem. Re4998 31, 173— ethylene that does not homopolymerfZBBF readily polymer-

180. (d) Green, M. M.; Park, J.-W.; Sato, T.; Teramoto, A,; Lifson, S.; izes with anionic, cationic, and radical initiators. Because the
Selinger, R. L. B.; Selinger, J. VAngew. Chem., Int. EA.999 38, 3138~

3154. (e) Srinivasarao, NCurr. Opin. Colloid Interface Scil999 4, 370— polymer does not have stereocenters, only conformational
376. (f) Fuijiki, M. Macromol. Rapid Commur2001, 22, 539-563. (g) isomers are possible as its stereochemical variations. A regular
Hill, D. J.; Mio, M. J.; Prince, R. B.; Hughes, T. S.; Moore, J.Ghem. .
Rev. 2001 101, 3893-4012. (h) Nakano, T.. Okamoto, YChem. Re. and stabler-stacked structure was indicated for poly(DBF) on
2001 101, 4013-4038. (i) Conrnelissen, J. J. L. M.; Rowan, A. E.; Nolte,
R. J. M.; Sommerdijk, N. A. J. MChem. Re. 2001, 101, 4039-4070. (j) (6) Kuran, W.Principles of Coordination PolymerizatioiViley: Chichester,
Brunsveld, L.; Folmer, B. J. B.; Meijer, E. W.; Sijbesma, R.Ghem. Sussex, 2001; pp 24374,
Rev. 2001, 101, 4071-4098. (7) (a) Okamoto, K.-1.; Itaya, A.; Kusabayashi, Shem. Lett1974 1167

(2) Watson, J. D.; Crick, F. H. QNature 1953 171, 737—738. 1172. (b) Pearson, J. M.; Stolka, Roly(N-inylcarbazolg; Gordon and

(3) Nelson, J. C.; Saven, J. G.; Moore, J. S.; Wolynes, PS&encel997, Breach: New York, NY, 1981.
277, 1793-1796. (8) Nakano, T.; Takewaki, K.; Yade, T.; Okamoto,¥.Am. Chem. So2001,

(4) (a) Lokey, R. S.; Ilverson, B. INature1995 375, 303—305. (b) Nguyen, 123 9182-9183.
J. Q.; Iverson, B. LJ. Am. Chem. S0d.999 121, 2639-2640. (9) (a) Evans, A.; George,.0J. Chem. Socl961, 4653-4659. (b) Evans, A.

(5) (a) Wang, W.; Li, L.-S.; Helms, G.; Zhou, H.-H.; Li, A. D. Q. Am. Chem. G.; George, D. BJ. Chem. Socl962 141-146. (c) Yuki, H.; Hotta, J.;
Soc.2003 125 1120-1121. (b) Li, A. D. Q.; Wang, W.; Wang, L.-Q. Okamoto, Y.; Murahashi, Bull. Chem. Soc. Jpri967, 40, 2659-2663.
Chem.-Eur. J2003 9, 4594-4601. (c) Wang, W.; Han, J. J.; Wang, L.- (d) Richards, D. H.; Scilly, N. FJ. Polym. Sci., Polym. Lett969 7, 99—

Q.; Li, L.-S.; Shaw, W. J.; Li, A. D. QNano Lett.2003 3, 455-458. 101.
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Scheme 1. Anionic Polymerization of Dibenzofulvene (DBF) reaction products were partially insoluble in THF or chloroform.
1) RLi R’ The THF-soluble and -insoluble parts indicated very similar IR
2)RX R P , signals, suggesting that the insoluble parts consist of higher-

P THF, -78°C HLX molecular-weight polymers whose chemical structures of repeat-
DBF poly(DBF) ing units are identical to those of the soluble parts. Higher-

molecular-weight fractions may tend to become insoluble
the basis of remarkable hypochromism in absorption spectra,probably due to the crystallinity of the poly(DBF) chain.
exclusive excimer (dimer) emission in fluorescence spectra, and The reactions afforded the products (oligomers and polymers)

significant upfield shifts of aromatic proton signals'tt NMR with five terminal-group combinationd,—5. The efficiency of
spectra. The structure was supported by conformational calcula-introducing terminal groups was confirmed by a MALDI-mass
tions. spectrum. The observed mass numbers supported the expected

This Article describes the full details of the stereostructure polymer structures. The spectra fbr2, and5 are shown in
of poly(DBF) prepared by anionic polymerization and its Figure 1 as examples. Although unintended protonation of the
photophysical electrochemical properties. In this study, uniform growing anion with protonic contamination could lead to a
oligomers of DBF with distinct chain lengths were isolated by polymer having hydrogen at the termination end in entries 3,
size-exclusion chromatography (SEC), and the propasstecked 5, and 6 aiming at structure® 4, and 5, respectively, the
structure was unambiguously evidenced by single-crystal X-ray corresponding spectra in Figure 1 showed no clear peaks based
analyses of the uniform oligome¥3In addition, as-stacked on oligomers having hydrogen at the termination end of the
structure was also confirmed in solution HY NMR analyses  chain.
combined with theoretical chemical shift calculations. Further,  To obtain detailed information on thestacked conformation
the absorption and emission spectra and cyclic voltammogramsof the DBF polymer and its effect on photophysical and
were systematically measured for the uniform oligomers and electrochemical properties, THF-soluble products were separated

polymers. Through these studies, the effect of #hstacked into oligomers that are uniform in terms of the number of
structure on the photophysical and electrochemical propertiesfluorene units in a chainl¢5 in Table 1;n = 2—8) and
was systematically investigated. polymers (@ = 9, mixture) using a preparative-scale SEC

Stables-stacked polymers may afford functional electronic apparatus. Chain lengths of the isolated oligomers were
materials because stackeeklectron systems can facilitate long- ~ determined by MALDI-mass spectra. The purity of the separated
range charge transport, as reported for tetrathiafluvalenetetra-oligomers1 and 2, which were used for the solution structure
cyanoquinodimethane and tetramethyltetrasalenafluvalene crys-and property analyses, was checked by analytical scale SEC.
tals!! Such a charge transfer has been proposed also forThe isolated oligomers contained a small amount of higher- and
DNA,122-d glthough there is controversy as to whether it is lower-molecular-weight fractions. The purity of oligomérsef

reallzeh n = 2—8 was in the range of 9599%, and that of oligomers
. . . . 2 of n = 2—-8 was in the range of 9299% (Supporting

Synthesis and Isolation of Uniform Oligomers of Information).

Oligo(DBF)s

Crystal Structure Analyses
DBF was synthesized according to the literature with y y

modifications!® Polymerization of DBF was initiated using an The oligomers isolated by SEC were subjected to crystal-
organolithium and was terminated using a protonating or an lization for X-ray crystal structure analysis. Some of the
alkylating reagent (Scheme 1). The initiators were 9-fluorenyl- oligomers led to single crystals suitable for X-ray analyses by
lithium (FILi), n-BuLi, methyllithium (MeLi), and phenyllithium recrystallization from a chloroform solution. Crystal structures
(PhLi), and the terminating reagents were methanol (MeOH), were solved forl (n =2 and 4),2 (n = 2 and 6),3 (n = 3), 4
ethyl iodide (Etl), and benzyl bromide (Ph@Bt). The condi- (1= 4), and5 (n= 2 and 5)!° The crystal structures are shown
tions and results of the reactions with the expected polymer in Figure 2, and the crystallographic data are summarized in
structures are summarized in Tablé*1n all cases, the DBF Table 2. The single-crystal structures indicated two conforma-
monomer was consumed in a high yield. In some cases, thetional characteristics: (1) the in-chain fluorene moieties of
oligomers ofn = 4—6 are in an-stacked conformation with
(10) On preparing this manuscript, we became aware that the crystal structurethe corresponding main-chain carberarbon bonds having a
Drciminary elecitochemical profies of ohgomers in s imited. shart cham. Slightly twisted trans trans structure regardiess of the terminal

length ranger{ = 2—4) were very recently published as a communication  groups; and (2) the chain-terminal fluorene moieties are in a
by an independent group: Rathore, R.; Abdelwahed, S.; Guzei, J. A.

Am. Chem. So@003 125 8712-8713. s-stacked conformation when the terminal group is ethyl or
(11) (a) Ferraris, J. P.; Cowan, D. O.; Walatka, V., Jr.; Perlstein, J. Am. i i i i i

Chem. Soc1973 95, 948-949. (b) Jeome, D.; Mazaud, M.; Ribault, M.; bU|k|er’ Whlle. they are fllpped when the te.rm".]al grQUp IS

Bechgaard, KJ. Phys., Lett198Q 41, L95—L98. hydrogen. It is also noteworthy that tlestacking is not in a

(12) (a) Murphy, C. J.; Arkin, M. R.; Jenkins, Y.; Ghatlia, N, D.; Bossman, S. -tO- i
M Turro, K. 3.: Barton. 3. KSciencel993 262, 1025 1020, (b) Okahata. perfectly face-to-face manner but the fluorene groups are slightly

Y.; Kobayashi, T.; Tanaka, K.; Shimomura, Nl. Am. Chem. S0d.998

120, 6165-6166. (c) Fink, H.-W.; Schoenberger, CNature 1999 398 (14) In the structure ofl, n — 1 instead ofn has been used to describe the
407-410. (d) Porath, D.; Bezryadin, A.; de Vries, S.; Dekker Nature number of monomeric units incorporated into the chain through polymer-
2000 403 635-638. (e) Priyadarshy, S.; Risser, S. M.; Beratan, DIN. ization (degree of polymerization) so thatorresponds to the number of
Phys. Chem1996 100, 17678-17682. (f) Braun, E.; Eichen, Y.; Sivan, fluorene units in a chain. This is because the number of fluorene units in
U.; Ben-Yoseph, CNature1998 391, 775-778. (g) Debije, M. G.; Milano, a chain is more important in discussing the formation of s#hstacked
M. T.; Benhard, W. AAngew. Chem., Int. EA.999 38, 2752-2755. (h) conformation ofl than the degree of polymerization. Fd+5, the number
Maiya, B. G.; Ramasarma, Turr. Sci.2001, 80, 1523-1530. of fluorene units corresponds to the degree of polymerization.

(13) (a) Greenhow, E. J.; McNeil, D.; White, E. Bl. Chem. Soc1952 986— (15) The crystal structure &f (n = 4) has been presented: Nakano, T.; Yade,
992. (b) More O’Ferrall, R. A.; Slae, S. Chem. Soc., Chem. Commun. T.; Ishizawa, H.; Nakagawa, O.; Okamoto, Rolym. Prepr. (Am. Chem.
1969 486-487. Soc., Dv. Polym. Chem.p002 43 (2), 609.
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Table 1. Anionic Polymerization of Dibenzofulvene (DBF) in THF

DBF initiator terminator temp. time conv.® _ THF-soluble part
(mmol) (mmol) (mmol) °C) (hr) (%) yield® (%) Ml

1 H Il—I 5.6 9-FILi MeOOH -78 24 =99 =99 860
- 1.1 4.0)
Q'O Q'O

entry polymer structure®

2 . 46  9FILi MeOH 0 1 =99 99 350
©93) (12.1)
5ol P 00 Meli  CHILCHLI 78 48 84 08 760
(30N 20)  (25.0)
2
H
4 "Bu/é &n 112 wBuli MeOH -78 24 =99 81 790
Q O 22) 6.2)
3
5 g n 28  nBuli PhCH,Br -78 24 =99 99 990¢
Q.O C 093)  (84)
4

10.0 PhLi PhCH,Br -78 48 84 63 950
(2.0) (16.8)

an — 1 andn denote of degree of polymerization for entries2land 3-6, respectively® Determined by!H NMR analysis of the reaction mixture.
¢ THF-soluble part was a mixture of oligomers and unreacted monomer when the monomer conversion was not quantitative. The yield of this part was
calculated excluding the weight of the unreacted monofBetermined by GPC using two OligoPore columns connected in series with oligo(DBF)s as the
standard samples (eluent THEDetermined by GPC using two TSKgel G100@ttolumns connected in series with oligo(DBF)s as the standard samples
(eluent THF).

twisted; the twist takes place in one direction inrastacked and NOESY spectra (Supporting Informatidh) he structures
structure consisting of three or more fluorene units leading to of 1 and2 of n = 8 with the proton numbering system are shown

a helical structure. In addition, the stacked fluorene groups arein Chart 1 as generic specimens. The protons showing COSY
not completely parallel to each other, which is probably due to correlation peaks are marked by blue arrows, and those showing
steric repulsion. The twisted-stacked structure is most clearly NOESY correlations are marked by red arrows in Chart 1. The
confirmed in2 of n = 6, the longest molecule for which the same protorproton correlations were also observed for oli-
crystal structure was solved. This oligomer hag-atacked gomers ofn = 2—7.

conformation throughout the chain and forms a long-pitched,  As for oligomersi, the triplet peaks having an intensity of
single-handed helical structure where ca. nine monomeric unitStwo protons were first assigned to the terminal methine protons,
form one turn as a result of the twisted alignment of the fluorene and the signals due to the methylene protons neighboring the
groups. The conformationally enantiomeric right- and left- methines were then found by the COSY experiment. In the case
handed helices are paired in the solid state; that is, the crystalof oligomers2, the triplet peaks in the highest magnetic-field
formed as a racemic crystal (see CIF files in Supporting Infor- region were assigned to the terminal methyl protons, and the

mation). Induction of single-handed helicity is an intriguing neighboring methylene signals were identified by the COSY
subject and will be presented as a separate publication. experiment.

1H NMR Spectra The peak assignments of the remaining main-chain methylene
and aromatic protons were performed on the basis of the 1D
spectral profiles and the NOESY spectra. In the 1D spectra, all
oligomers indicated only one set of terminal peaks: triplet
) methine signals foll and ethyl signals consisting of a methyl
(Mn = 1700,n = 9.6, mixture ofn > 9) and2 (Mn = 1890,n triplet and methylene quartet f@ In addition, the number of

= 104, m|xt_ure ofn = 9)'_ Because p_oly(DB.F). has N0 opserved peak sets for the methylene protons was only one-
stereocenter in the main chain, the chemical shift |r_1format|on half the number of existing methylene groups for the oligomers
of a proton signal should only reflect the conformation of the of n= 3, 5, and 7 or [(number of existing methylenes)]/2

oligomer in its vicinity. . + 1 for the oligomers oh = 2, 4, 6, and 8. This profile may
The 1D spectra are shown in Figures 3 and 4, and the

Chemlcal_Shlﬁ values are summarized in Tabl_es 3 and 4. The (16) Sanders, J. K. M.; Hunter, Blodern NMR Spectroscopgnd ed.; Oxford
peak assignments were performed on the basisafilLOSY University Press: New York, NY, 1993.

IH NMR spectra of the oligomers were measured to confirm
the chemical structure and to obtain information on the solution
conformation of oligomerd and2 (n = 2—8) and polymers

15476 J. AM. CHEM. SOC. = VOL. 125, NO. 50, 2003
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n=3 correlations between protons of neighboring fluorene units in
stacked conformation were also observed, although they are not
shown in Chart 1 for clarity.

It is noteworthy that aromatic proton signals of all samples
=5 of 2 were within the range of 5:67.1 ppm. This is in stark
=7 contrast to the fact that poly(9,9-dimethyl-2-vinylfluorehe)
n=8 which probably has a flexible conformation showed its aromatic

n n=17 protons signals in a much lower magnetic-field range &6

§- ppm). This supports the stablestacked conformation o2
2 throughout the chain in solution.

The aromatic proton signals dfappeared in a wider chemical
shift range as compared with thoseyfsuggesting that may
have a less regular-stacked conformation. However, the
samples ofl of n = 4 and larger showed all aromatic signals,
except for a doublet with a four-proton intensity at ca. 7.5 ppm,
in the range of 5.67.2 ppm, similarly to all samples d,
indicating that most ofL of n = 4 or larger has a regular
m-stacked conformation similar to that &f The exceptional
four-proton intensity signals are due to the 4- and 5-positions
of the terminal fluorene rings according to the peak assignments
described above. This may indicate that the terminal fluorene
rings of 1 are flipped as observed in the crystal structures. of

The signals ofL of n = 2 were similar to those of fluorene
in the chemical shift range, implying that this oligomer does
not have ar-stacked conformation. In the samplelobf n =
3, both flipped and stacked conformations may exist because
the spectral profile in the aromatic region is just between those
of the longer oligomer and the shorter one.

To obtain information on the stability of the conformation
of the oligomers, temperature effects on the NMR spectra were
examined for all oligomers in the range frorb0 to +60 °C.
Most peaks only monotonically shifted upfield or downfield with
temperature, and the shift amount was within 0.2 ppm. The peak
shift was reversible with temperature. These results suggest that
thes-stacked conformation in solution proposed so far is stable
and does not undergo a drastic conformational mutation in this
temperature range.

It should be noted here that no clear NMR information
indicating the helical twist in solution was obtained even at
lower temperatures. The helical structure may be in an exchange
between the right- and left-handed local twists that is faster than
the NMR time scale under the experimental conditions of this
study.

1258684 5

—-2149.17
F—2328.18

f-2507.43

Figure 1. MALDI-TOF mass spectra of oligo(DBF)s (Table 1, entry 1)
(A), 2 (Table 1, entry 3) (B), and (Table 1, entry 6) (C).

be explained in terms of a conformation symmetrical with
respect to the central methylene (cligomersiet 2, 4, 6, and

8) or the central fluorene group (oligomersrof= 3, 5, and 7),
such as the crystal structures ®fof n = 6 and5 of n = 5
shown in Figure 2, if the conformation is stable in solution. A
fast exchange between different conformations may also lead
to a simple NMR profile. However, fast conformational dynam-
ics in solution seem unreasonable because clear NOE correla
tions were observed that support a stable all-trans conformation
as follows.

In the NOESY spectra of all oligomers analyzed here, all
in-chain methylene protons indicated correlation peaks with one Chemical Shift Calculation
or two different methylene groups in addition to aromatic
protons. This finding is best interpreted assuming an all-trans
conformation as illustrated in Chart 1; only the neighboring
groups in such a conformation will show correlation peaks in
the NOESY spectra. Hence, the methylene protons were
assigned as summarized in Tables 3 and 4 assuming an all
trans conformation, which is consistent with the regular nu-

merical relations between the number of observed methylenetheir heats of formationHy) (PM5) and theoretical chemical

SIan?IS and the e_xsm?g methylehe g;oulps not.ed a;]bove. shifts obtained by the LORG meth&dusing B88* exchange
) The aromatic signals were assigned also using the 2DNMR o4 LYP2 correlation functionals. TheH; values of the
information. The observed NOE signals were interpreted to

correlate the protons at the 1- and 8-positions of the fluorene (17) zhang, X.; Hogen-Esch, T. Blacromolecule200Q 33, 9176-9178.

H H (18) Koch, W.; Holthausen, M. CA Chemist's Guide to Density Functional
ring, denoted by iW-p, in Chart 1, and the methylene groups Theory Wiley-VCH: New York, 2000; pp 197216

in the vicinity. The position of each fluorene ring was assigned (19) Stewart, J. J. P. MOPAC2002 software; Fujitsu Limited: Tokyo, Japan,
; ; ; . ; 2001.

in this way. The peak assignments of the remaining aromatic ,, 5o itan T p.: Hansen, A. Ehem. Phys. Lettl988 149, 510-515.
protons were completed using the COSY information. NOE (21) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

To rationally connect the NMR spectral information to the
solution conformation of the oligomers, the chemical shifts of
the main-chain methylene and terminal methine or ethyl protons
were computationally estimated by density functional theory
(DFT)!8 calculation for some optimized conformers bbf n
‘=2 and2 of n = 2 and 4. The conformer structures optimized
by the semiempirical PM5 meth&tare shown in Figure 5 with

J. AM. CHEM. SOC. = VOL. 125, NO. 50, 2003 15477
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Figure 2. Crystal structures of oligo(DBF)s (n = 2 (A) andn =4 (B)),3(n=3) (C),4(n=4) (D),5(n =2 (E) andn =5 (F)), and2 (n = 2 (G) and
n = 6 (H)). Hydrogen atoms are omitted for clarity.

conformers having identical chemical structures were similar, and 4.03 ppm. These results mean that the theoretical calculation
indicating that all conformers shown in the figures could in this study may contain an error of 6:0.3 ppm.
contribute to the experimental NMR spectra at similar prob-  Conformers1A,—1C, were evaluated fol of n = 2. The
abilities. calculated methylene shift 4\, deviated from the experimental
Prior to application of the DFT method to the oligomers, the value by 1.6 ppm, and one of the calculated methine shifts of
accuracy of the DFT chemical shift calculation was tested using 1B, deviated from the experimental value by 2.0 ppm, suggest-
fluorene, 9-methylfluorene, and superphane, which consist of ing that these are not the most plausible conformers. In contrast,
methylene, methine, and an aromatic ring and are expected tothe deviations of the calculated methylene and methine shifts
have little conformational freedom. The experiment&H,— of 1C; from the experimental values were only 0.4 and 0.1 ppm,
shift for fluorene was 3.95 ppm (CD£,6500 MHz, MeSi), and respectively. These results suggest th@s, in which the two
that for superphane was 2.98 pphwhile the calculated shifts  fluorenyl groups are flipped, is the most probable conformer
were 3.87 and 3.29 ppm for fluorene and superphane, respecalthough other conformers could also exist in conformational
tively. The experimentat-CHz and methine shifts for 9-meth-  dynamics.
ylfluorene were 1.53 and 3.95 ppm, respectively (C600 Conformers2A,—2C, for 2 of n = 2 were generated and
MHz, Me,Si), and the corresponding calculated values were 1.43 sybjected to shift calculations. The theoretical shifts of the
central methylene protons of conforme2é., and 2B, were
g%g Lee. n‘é-’? yang. W Fﬁir’Bﬁégmgdgef o ;?Z‘Jf&g 101 rather close to the experimental shifts, while tha26§ deviated
3126-3127. from the observed value by 1.3 ppm. Theref&€, may not

15478 J. AM. CHEM. SOC. = VOL. 125, NO. 50, 2003
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Table 2. Crystallographic Data of Oligo(DBF)s

property 1n=2) 1n=4) 2(n=2) 2(n=6) 3(n=3) 4(n=4) 5(n=2) 6(n=05)
molecular formula CorH20 CssHao CaiHzs Cg7Hes CagHao Ce7Hse CaiHz2 Ca1Hz2
fomula weight 344.45 700.92 400.56 1113.49 592.82 861.18 524.70 1059.40
temperature, K 296 296 296 296 296 296 296 296
wavelength, A 71069 71069 71069 71069 71069 71069 71069 71069
crystal/color colorless colorless colorless colorless colorlwss colorless colorless colorless
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic _ triclinic monoclinic monoclinic
space group P2i1/n C2lc C2lc P2i/n P2i/c P1 C2lc P2:/c
unit cell dimensions
a A 9.9303(5) 16.3629(9) 12.534(2) 10.4024(5) 13.2214(3) 12.8765(4) 16.6849(5) 11.5072(5)
b, A 8.5039(4) 15.273(1) 12.674(2) 19.7052(6) 13.3664(2) 15.4623(2) 12.2332(5) 22.102(1)
c, A 22.030(1) 15.5365(7) 14.546(2) 29.916(1) 19.0154(1) 12.7814(2) 15.4247(5) 27.047(2)
a, deg 90 90 90 90 90 107.723(1) 90 90
B, deg 98.922(2) 103.475(4)  101.975(5)  92.6521(6)  92.523(1) 94.605(2) 110.5185(8)  89.836(1)
v, deg 90 90 90 90 90 96.765(1) 90 90
volume, A& 1837.8(1) 3775.9(3) 2260.4(5) 6125.7(4) 3357.19(7)  2388.91(9)  2948.6(2) 6879.1(5)
z 4 4 4 4 4 2 4 4
Dcaiedg cm 2 1.245 1.232 1.176 1.207 1.173 1.197 1.182 1.023
reflns collected 16 751 7865 8682 42 618 20119 13 845 14 076 46 223
unique reflns 4192 4328 2543 12 813 7705 10 622 3388 14 864
Ry 0.042 0.042 0.055 0.066 0.053 0.075 0.058 0.143
WR 0.090 0.078 0.140 0.145 0.085 0.118 0.140 0.341
GOF 0.96 1.40 1.21 1.31 1.28 2.00 1.23 1.74
CHCls aromatic H CHCl3  aromatic H -CH,- H0 -Me
\ -CH,- and -CH AN 2 -CH,CH; |
n>9 T n9 I/
(mi)&ure) L_JM_LI M ‘ (mixture) L
B _k_l.'_JNlu\ * *
e “M“m ML n8 Mﬂu b |
ST T
S 11— | ’ :
MLMJ L 18 = oL
n= .
i Y = L1
n=5 I W 1
L J | N 1 =t ] | L
n=4 _ |
’l U 'CU n=3 J L j
n=3 . aromatic H -CH,- K
| aromatic H o 2 CH,CH; Me
.cy  -CHy =2 i) l |
n=2 l |
R N IR IR N NI R B N
SR : , 8 7 6 5 4 3 2 0
8 76 5 4 302 5 (ppm)
d (ppm) Figure 4. *H NMR spectra of oligo(DBF)s2) (500 MHz, CDC}, room
Figure 3. ™H NMR spectra of oligo(DBF)s1) (600 MHz, CDC§, room temperature).
temperature).

2C, are models of stacked conformations with a “kink”.

be reasonable. The predicted chemical shift for one of the Although the models with a kink were predicted to show a
terminal methylene groups B, largely deviated from the  remarkable upfield shift of the main-chain methylene signals
experimental value, suggesting th2#, having az-stacked (¢ 1—-0.7 ppm) in the vicinity of the kink, no peak was observed
conformation is the most plausible. Although it is noticeable in such a high magnetic field range in the experimental spectra.
that the experimental terminal methyl shift2A, deviated from In addition, the calculated methylene shifts2#, were rather
the predicted value by ca. 0.8 ppm, this may mean that the close to the experimental data. Theref@a, is considered to
terminal ethyl groups rotate relatively fast and do not give an be the most plausible conformation. In this case also, calculated
accurate shift in the calculation of a single conformer. Hence, shifts of the terminal methyl protons significantly deviated from
flipped and stacked conformations were suggested by the NMRthe observed values, probably due to the relatively fast motion
shift calculation forl of n = 2 and2 of n = 2, respectively. As of the terminal ethyl group as noted above.
in crystal, an ethyl or a larger group may prevent the rotation  As described here, the chemical shift calculation appears to
of the terminal fluorene unit and force it into a stacked form. be an effective method of obtaining information on the oligomer

For 2 of n = 4, four conformers2A,—2D, were tested:2A, conformation. Although longer oligomers and polymers were
is a model of a flawlessly stacked conformation, &8j and not subjected to chemical shift calculation, their experimental
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Table 3. H NMR Chemical Shifts (6, ppm) of Oligo(DBF)s (1)2
n 2 3 4 5 6 7 8 >0

Ha 4.42 (1) 3.25(t) 2.78 (1) 2.64 (1) 2.56 (1) 2.55(t) 2.53 (1) 2-6288
(methylene
protons)

He 2.26 (d) 2.80 (d) 2.57 (d) 2.42 (d) 2.28 (d) 2.23(d) 2.20 (d)

Hc 3.28 (s) 3.06 (s) 2.82(s) 2.70 (s) 2.64(s)

Hp 2.73 (s) 2.49 (s) 2.38 (s)

He 2.27 (s)

Ha1 7.57 (d) 6.64 (d) 6.41 (d) 6.31 (d) 6.25 (d) 6.23 (d) 6.22 (d) 5.55-7.44
(aromatic
protons)

Haz 7.30 (dd) 7.04 (dd) 6.96 (dtl) 6.93 (dd) 6.91 (dd) 6.91 (dd) 6.90 (dd)

Has 7.42 (dd) 7.20 (dd) 7.14 (dd)* 7.13 (dd) 7.10 (dd) 7.10 (dd) 7.10 (dd)

Haa 7.84 (d) 7.56 (d) 7.50 (d) 7.48 (d) 7.46 (d) 7.45 (d) 7.44 (d)

He1 7.74 (d) 7.05 (d) 6.85 (d)* 6.74 (d) 6.68 (d) 6.64 (d)

Hg2 7.49 (dd)* 6.97 (dd) 6.85 (m)* 6.81 (dd) 6.79 (dd) 6.77 (dd)

Hgs 7.51 (dd)* 7.13 (dd)* 7.02 (m) 6.98 (dd) 6.97 (dd) 6.95 (dd)

Hga 7.88 (d) 7.22 (d) 7.10 (d) 7.06 (d) 7.03 (d) 7.01 (d)

Hci 6.33 (dy 6.12 (d) 6.04 (d) 5.96 (d)

Hco 6.40 (dd) 6.31 (dd) 6.29 (dd) 6.25 (dd)

Hcs 6.74 (dd) 6.67 (dd) 6.66 (dd) 6.61 (dd)*

Hca 6.54 (d) 6.50 (d) 6.49 (d)* 6.43 (d)

Hp1 5.93 (d) 5.85 (d)

Hp 6.24 (dd) 6.22 (dd)

Hps 6.62 (dd) 6.61 (dd)*

Hpa 6.50 (d)* 6.47 (d)

aSee Chart 1 for proton numbering. Spectra were recorded in £&Cbom temperature (600 MHz). Residual Cki€ignal (7.26 ppm) was used as an
internal reference. * and t indicate interchangeable assignneitpolymer (Mn = 1700 (vs oligo(DBF))i = 9.6,n > 9 mixture).

Table 4. H NMR Chemical Shifts (6, ppm) of Oligo(DBF)s (2)2
n 2 3 4 5 6 7 8 =9
Me— —0.01 (1) —0.14 () —0.16 () —0.20 () —0.22 (1) —0.23 (1) —0.24 (1) —0.25 (1)
Ha 1.88 (q) 1.69 (q) 1.61 (q) 1.55(q) 1.53(q) 1.51 (q) 1.50 (q) 1.49 (q)
He 3.05(s) 2.87(s) 2.68 (s) 2.56 (s) 2.51(s) 2.48 (s) 2.47 (s) -21486
Hc 2.67 (s) 2.45 (s) 2.34(s) 2.28(s) 2.25(s) (methylene
Hp 2.24 (s) 2.12(s) 2.07 (s) protons)
He 2.00 (s)
Ha1 6.77 (d) 6.58 (d) 6.50 (d)* 6.45 (d)* 6.42 (d) 6.40 (dy 6.39 (dy 5.52-6.91
Ha2 6.83 (dd) 6.72 (dd) 6.71 (dd) 6.68 (dd) 6.66 (dd) 6.65 (d) 6.64 (dd) (aromatic
Has 6.98 (dd) 6.90 (dd) 6.90 (dd) 6.87 (dd) 6.86 (dd) 6.85 (d) 6.85 (dd) protons)
Haa 7.07 (d) 6.98 (d) 6.98 (d) 6.94 (d) 6.93 (d) 6.92 (d) 6.92 (d)
He1 6.25 (d) 6.10 (d) 6.00 (d) 5.94 (d) 5.91 (d) 5.90 (d)
He2 6.34 (dd) 6.30 (dd) 6.26 (dd) 6.24 (dd) 6.22 (dd) 6.21 (dd)
Hes 6.66 (dd) 6.65 (dd) 6.62 (dtl) 6.60 (dd)* 6.59 (dd) 6.58 (dd)
Hea 6.48 (d) 6.48 (d)* 6.45 (d)* 6.42 (d) 6.41 (dy 6.40 (dy
Hca 5.90 (d) 5.81 (d) 5.75 (d) 5.72 (d)
Hco 6.22 (dd) 6.19 (dd) 6.16 (d#l) 6.15 (ddy
Hcs 6.60 (ddy 6.58 (dd)* 6.56 (dd)* 6.55 (dd)*
Hca 6.45 (d)* 6.42 (dj 6.40 (dy 6.39 (dy
Ho1 5.70 (d) 5.65 (d)
Hp2 6.15 (dd¥ 6.13 (dd¥f
Hos 6.56 (dd)* 6.54 (dd)*
Hoa 6.38 (dy 6.36 (d)

aSee Chart 1 for proton numbering. Spectra were recorded in £a@om temperature (500 MHz). Residual Cki€ignal (7.26 ppm) was used as an
internal reference. *, 1, and t indicate interchangeable assignniehisolymer Mn = 1890 (vs oligo(DBF))ji = 10.4,n > 9 mixture).

methylene shifts seem to converge into a value around 2 ppm,MMFF94s26 and COMPASY force fields with better energetic
and no peaks of the methylene group were observed in a rangeand structural precision and a semiempirical PM5 method were
higher than 1 ppm in the spectra. This suggests that the longeremployed in this study.

oligomers and polymers have a stahlstacked conformation First, Monte Carlo conformational searches with MM3* and
without a kink in the chain. MMFF94s force fields were performed on a DBF hexamer

having ethyl groups at the chain termin = 6) using a
Conformational Calculation 9 yi-group a5 ( ) 9

Oligomer conformation was evaluated by force field and (24) Mayo. = L. Olafson, B. D.; Goddard, W. 4. Phys. Chem199Q 94,

semiempirical molecular orbital calculations. Although the rela- (25) Allinger, N. L.; Yuh, Y. H.; Lii, J.-H.J. Am. Chem. Sod989 111, 1,
tively generic Dreiding force fieRt was used for all confor- 8551-8566.

X . . o (26) Halgren, T. AJ. Comput. Cheml999 20, 730-748.
mational calculations in our preliminary studfesqM3*,25 (27) Sun, H.J. Phys. Chem1998 102, 7338-7364.
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Chart 1. Structures of 1 and 2 of n = 8 with the Proton Numbering Systems?

/\/‘\/’"\/"‘\/’"‘\/“\/‘_\/—ﬂ
a »

Ha Hy HH/_.H¢ H:/..HD H, . Hg HF Hp, H Hf,—
1’5; @i@ fi @i@ fin @l@ . @l@ e gl@

H@M HaaH HC3H HD}[—] @m Hu

20fn=28

aCOSY and NOESY correlations were marked by blue and red arrows, respectively. NOESY correlations between aromatic protons are omitted.
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Figure 5. Conformers ofl (n = 2) and2 (n =2 andn = 4) and calculated chemical shifts of methylene protons. The values in square brackets are the
experimental chemical shifts.

Chart 2. Dihedral Angle Sets for the Monte Carlo Simulation of 2 2As and 2Bg shown in Figure 6. StructurdAg was similar to
of n= 62 the crystal structure (Figure 2), while structu28s had a
partially trans-gauche-like structure. The two conformers indi-
cated similar values dfi; by the PM5 method.
Next, the stability of conformation®As and2Bg was tested
by molecular dynamics (MD) simulations using the COMPASS
force field under NVT conditions with Berendsen’s thermd8tat
“Angle interval was 60 (Figure 6, right-hand side). While conformati@®s did not
MacroMode?® software package. Two distinctive structures largely change in the M[.) simulat!on at300K fo.r 10 ns to give
were found to be the most stable conformations using MM3* structure2A¢', conformatiorBs quickly changed into a mostly
and MMFF94s force fields out of 20 000 (MM3*) and 19 550 all-trans,-stacked conformation with a kink (gauchgauche
(MMFF94S) Conformers' which Wer_e gene_rated by Chang_mg the 28) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R.; Lipton, M.;
dihedral angles around the 12 main-chain bonds at an interval Caufield, C.; Chang, G.; Hendrickson, T.; Still, W. &.Comput. Chem.
of 60°, as Shown_ in_ Chart 2. These two most stable conformers (29) lliige?gnldls’eﬁl[,lolrl\??(':.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola, A.;
were further minimized by the PM5 method to afford structures Haak, J. R.J. Chem. Phys1984 81, 3684-3690.
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Hg=299.05 kcal/mol
2A¢

2A¢'

Hy=295.10 kcal/mol
2B

Figure 6. Conformers oR of n = 6 found most stable in the Monte Carlo
simulation and optimized by the PM5 methd&h¢ (force field, MM3*)
and2Bs (force field, MMFF94s), and those after MD simulati@#s' (300
K, 10 ns) an®Bg' (300 K, 8.2 ns), starting frorBAs and2Bg, respectively.

main-chain conformation)2@¢’) in the middle of the chain at
300 K within 0.1 ns, and structur2Bg' did not significantly
change within 8 ns. These results suggest that-stacked
conformation is preferred under dynamic conditions while
several different conformers, including thestacked structure,
may have similar steric energies under static conditions.

The conformational stability test was extended to a model of
the polymer 2, n = 15). An all-trans model and an alternating

(A)1

1.2
25 —
- —n=3| 1.0
= 20 =4 A
o =\ —n=5 0.8 ! \
15| L\
E o —n=7 06 a
= 1.0} — n=8|
_f:» —n>9) 0.4
~ 05 —MeFl| (2
[~
0 n L s L " 1] 1 1 —
220 240 260 280 300 320 340 360 280 29 300 310 320
Wavelength (nm) Wavelength (nm)

0 L

0 =
280 290 300 310 320

Wavelength (nm)

2200240 260 280 300 320 340 360
Wavelength (nm)

Figure 7. Absorption spectra of oligo(DBF)$ (A), 2 (B), and 9-meth-
ylfluorene (MeFl) in THF at room temperature.

hypochromicity described above is consistent with the above
discussion that the oligomers and polymers studied here have a
mr-stacked conformation in solution. The degree of hypochro-
micity found for the oligomers and polymers in this study is
larger than that for DNA. This may indicate that theeslectron

trans-gauche model molecular-mechanically optimized using the systems are more densely packed in the present systems than

COMPASS force field were subjected to MD simulations (NVT)
(Supporting Information). The all-trans model remained in the
mr-stacked structure at 300 K in 15 ns, and the structure was
only partially distorted even at 600 K. In contrast, the alternating
trans-gauche model promptly changed into a preferentially all-
trans, n-stacked conformation with a kink within 2 ns at
300 K.

These results suggest that thatacked conformation is most
preferable for poly(DBF). Although some conformers with a
kink in the main chain were observed in the calculations, most
of the real molecules are considered to haver-atacked

those in DNA. The fact that of n = 2 was hyperchromi€2
while 2 of n = 2 was hypochromic supports the conclusion
from the'H NMR studies that the former compound does not
have a stacked conformation while the latter does.

The observed red shift of the absorption bands means that
electronic interaction between neighboring fluorene units in the
ground state lowered the excitation energy of the oligomers or
polymers. In main-chain conjugated polymers, a longer chain
length results in a significantly reduced band g&f#Electronic
interaction between closely stacked but not covalently bonded
aromatic groups may also make the band gap narrower from

structure throughout the chain, based on the discussions abouthe present results, although the effect seems to be smaller as

the NMR spectra in the preceding section.
Absorption and Emission Profiles

The absorption and emission spectra of the oligomers (
2—8) and polymersr( = 9) of 1 and2 indicated characteristic

compared with that for main-chain conjugated polyn¥érs.

To more quantitatively evaluate the red shift and the
hypochromicity, the wavelength and molar extinction coefficient
(e) of the lowest-energy absorption peak were plotted against
the chain lengthr{) of oligomers2 (Figure 8)32 The peak-top

profiles based on their structures. The absorption spectra arewavelength increased with the chain length and leveled off

shown in Figure 7. Oligomet of n = 2 bearing two fluorene
groups indicated slight hyperchromicity relative to 9-meth-
ylfluorene, the model for the monomeric unit, which is obvious
in the 240-280 nm region, while oligomers of n = 3—8 and
the polymer in = 1700,n = 9.6, mixture ofn = 9) exhibited
significant hypochromicity. In addition, all of the sampleslof
of n = 3 and larger showed a red shift of the absorption bands.
As for oligomers2, all of the samples, including the one of
= 2, exhibited hypochromicity and a red shift.

Hypochromic effects have been reported for stacked base

aroundn = 5 (Figure 8A). In addition,e at the peak top
decreased witn and leveled off also around = 5 (Figure
8B). These results suggest that, in the ground state, the electronic
interaction between the stacked fluorene groups may extend over
as long as ca. five units. An exciton may be formed over ca.
five successive monomeric units in a chain upon photoexcitation.
This may be interpreted as follows. The DBF oligomers and
polymers have a-stacked structure in solution as we concluded
on the basis of the NMR data and theoretical simulations.

pairs in a double helical strand in DNR. Therefore, the

(30) (a) Tinoco, I.J. Am. Chem. S0d.96Q 82, 4785-4790. (b) Rohdes, .
Am. Chem. Sod 961, 83, 3609-3617.
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(31) Ellis, J. R. InHandbook of Conducting PolymerSkotheim, T. A., Ed.;
Marcel Dekker: New York, 1986; Vol. 1, Chapter 13.

(32) Houk, K. N.; Lee, P. S.; Nendel, M. Org. Chem2001, 66, 5517-5521.

(33) Plots of wavelength andagainst It led toA = 308.5 nm and = 1894
L mol~t cm™ at an infiniten by extrapolation (Supporting Information).
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Figure 8. Wavelength versus and molar extinction coefficient) versusn plots for the longest wavelength absorption maxima of oligo(DBF)Bata
atn = 1 are for 9-methylfluorene, and thoserat= 10.4 are for a polymerMn = 1890 (vs oligo(DBF))h = 10.4).

(A1 bands around 400 nm, while that of= 2 showed a shorter-

2000 500 wavelength emission band around 310 nm, which was similar
z i S in shape and wavelength to that of monomeric fluorene, and
g5 oo 4 that of n = 3 indicated both bands around 310 and 400 nm.
% 1000 _:1:; 3008 The bands around 400 nm are considered to arise from an
= —n=8 | 200F excited dimet* in which excited energy delocalizes over two
g s00r \ " e 100} neighboring, stacked fluorene units because the band wavelength

& is rather close to those of the fluorene excifAéB67 nm, in

250 300 350 400 430 500 550 %50 toluene) and the excited side-chain dimer of poly(2-vinylfluo-
Wavelength (nm) Wavelength (nm) rene¥® (380 nm, in THF). In contrast td, all samples of2
indicated predominant dimer emission.

As discussed so far, the terminal fluorene moieties are flipped
and are not stacked in samples &f The terminal-flipped
conformation explains the monomeric fluorene emission from
1 of n= 2 and 3. However, the sample bfvith n = 4 showed
only the dimer emission. This suggests that the energy transfer
from the terminal, flipped fluorene moieties to dimer forming,
in-chain stacked fluorene moieties quenches monomeric fluorene
250 300“32\?&::3&1:?.1)500 350 in the longer oligomers of. The predominant dimer emission

from all 2 samples is consistent with the fact that all oligomers

Figure 9. Emission spectra of oligo(DBF)s (A), 2 (B), and fluorene in .
THF at room temperatureldx = 267 nm). Intensity was normalized to a of 2 have ar-stacked structure throughout the chain.

constant absorbance at 267 nm. The emission wavelength of the dimer emissiorlaind 2
was slightly red-shifted as compared with that of the fluorene

However, therr-stacked molecules should experience thermal excime?® and the excited side-chain dimer in poly(2-vinylfluo-
vibration that does not Iargely distort the conformation. This rer‘]e)’:’t6 which may mean that the arrangement of two fluorene
may lead to heterogeneity of the stacked conformation; that is, molecules in the excimer is different from that of two fluorene
the distance between the fluorene groups and main-chain torsionynits in the oligomers. As can be seen in the crystal structure,
angle can slightly vary part by part in a chain, especially in a the side-chain fluorene moieties are so densely packed along
relatively short time range within which photoabsorption takes the chain that the main chain bends into a slightly arched shape.
place. The roughly coincidental critical number of fluorene units Such a close packing of two fluorene units probab|y enhances
suggests that ca. five fluorene units are always in one block of the electronic interaction between stackeeklectrons and,
uniform stacked sequence even at a short time scale. In othemhence, reduces the delocalized excited energy level.
words, the dynamic “persistence length” of a uniformly — js noteworthy that the emission profile of oligominf n
m-stacked sequence from the view of photoexcitation covers — 5 is in sharp contrast to what is expected from “Hirayama’s
five monomeric units under the experimental conditions of this je” 37 which predicts that a molecular array with two chro-
study. mophores connected through three Qffoups favors excimer

An alternative interpretation may be that the electronic tormation more than others with more or less Chroups
interaction of the stacked fluorene groups in the polymer side petween the chromophores. Although in the structurg of n

chain extends_inherently up to ca. five units even for a_long, = 2, two fluorenes are connected through three carbons, this
completely uniform “frozen”z-stacked polymer. Absorption
measurements at an extremely low temperature or in a solid- (34) “Excimer” emission could be an alternative term. However, “excimer” has
state matrix that may freeze molecular vibration might provide been used to describe an excited species having staektettron systems
. . . that does not have such a conformation as a predominant species in the
an answer. Computational studies on the electronic states of  ground state but changes conformation on excitation. The oligomers in this
pon(DBF) may also be necessary. These aspects will be study haven s_tack’gd structures in the ground state prior to photoexcitation;
X . therefore, “dimer” emission is a more proper term.
assessed in future studies. (35) Horrocks, D. L.; Brown, W. GChem. Phys. Letl97Q 5, 117-119.
i iei (36) Matsuda, M.; Watanabe, A. Recent Adances in Anionic Polymerization
Flgu_re 9 shows the emISSIOh S_peCtra]'dndz' I!’I the spe_ctr_a Hogen-Esch, T. E., Smid, J., Eds.; Elsevier. New York, 1987; p 73.
of 1 (Figure 9A), those of > 4 indicated predominant emission  (37) Hirayama, FJ. Chem. Phys1965 42, 3163-3171.
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175 inherently be limited to five fluorene units even if the chain
170l 4 has a longer, uniform “frozen’z-stacked structure. A low-
’g; A temperature or solid-state study minimizing thermal vibration

< Lest may give an answer.

< 160} a .

¢ R Concluding Remarks

2 | A, DBF oligomers and polymers were proven to havstacked

w150 A structures with the main-chain carbecarbon bondings being
sl almost all in the all-trans conformation not only in the solid

12345678910 state but also in solution. The conformation is expected to be

Figure 10. Half wave potential versus plot for 2. Data atn = 1 are for fa'rl_y stable by the MD simulation and the NMR experiments
fluorene, and those at= 10.4 are for a polymer\n = 1890 (vs oligo- at different temperatures. Thestacked structure led to remark-
(DBF)), n = 10.4). able hypochromicity in absorption and exclusive dimer emission
and facilitated charge delocalization. Among several macro-
oligomer showed only monomer emission. The conformational molecules characterized by mstacked structure, a highly
dynamics of this sample seem to be slower than those of theregular, long-ranger-stacked structure of the side-chain chro-
compounds tested by Hirayama that form a stacked excimermophores has been achieved only for DNA so far. Poly(DBF)

before emission. is the first vinyl polymer with precisely regulated-stacked
side groups. This polymer may be recognized as a new mac-
Electrochemical Profiles romolecular structural motif that may be useful in photophysical

Stackedr-electron systems may facilitate charge delocaliza- and photoelectronic (e.g., molecular wifeapplications.

tion. To obtain information on how the stacked fluorene units  Acknowledgment. Dr. K. Tsutsumi (NAIST) is acknowl-
may affect the electronic properties, cyclic voltammetry mea- edged for his helpful assistance in the X-ray crystal analysis.
surements were performed for oligom@rd'he samples showed  Mr. K. Takewaki (NAIST) and Dr. J. Jin (JST) are acknowl-
clear oxidation peaks around 1:%.7 V but no clear corre-  edged for their preliminary experiments. We are grateful to Prof.
sponding reduction peak in the reverse scans from 2 to 0 VY. Okamoto (Nagoya University), Prof. A. Tsuchida (Gifu
(Supporting Information). In addition, the intensity of the University), Prof. K. Kakiuchi (NAIST), Prof. C. Yamamoto
oxidation peak gradually decreased in repeated runs, although(Nagoya University), and Dr. H. Ishizawa and Dr. A. Nakasuga
the peak position was unchanged. These results suggest thatSekisui Chemical) for valuable discussions. T.N. acknowledges
the oxidized species may undergo some irreversible reactionpartial financial support from Kinki-Chiho Invention Center,
on the electrode surface. Japan Bioindustry Association (JBA), Research Foundation for
Figure 10 shows the dependence of oxidation poterta)( Material Science, Nagase Research Foundation, and the Ministry
on the chain length. The oxidation potential decreased with chain of Education, Culture, Sports, Science, and Technology of Japan
length and was almost constant when an oligomer contains ca.(Grant-in-Aid for Priority Area Research No. 13128203).
five or more fluorene unit&® This may mean that a hole is
stabilized by delocalization over as many as ca. five stacked
fluorene units. This critical number of fluorene units coincides

with those for the changes in the absorption intensity and edgevoltammograms, 2D NMR spectraversus I, 4 versus 1
wavelength depending on the chain length. As discussed in theandEp/2 versus I plots for2 (PDF), and X-ray crystallographic

) . . . ) IF). Thi ial i ilable f f ch ia th
preceding section, this may be ascribed to the proposed dynamlqdn?ea:n(eci az httpl'jlpnl];l;ltseggs |Osrgava| able free of charge via the

“persistence length” of a uniformly-stacked sequence consist-
ing of five fluorene units or to the nature of charge delocalization JA037836X
through them-stacked structure of poly(DBF) which may

Supporting Information Available: Experimental details,
SEC curves of the oligomers, sample purity data, cyclic

(39) We recently found that a poly(DBF) cast film shows a much higher hole
mobility as compared with other vinyl polymers bearing aromatic side

(38) Plots ofEp, against I led to a potential of 1.44 V (vs Ag/AgCl) at an groups by time-of-flight experiments. This result will be published
infinite n gy extrapolation (Supporting Information). elsewhere.
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