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ABSTRACT: The reaction of 3,3′-diaminobenzidine (DAB)
with 1,4-benzenedimethanol (BDM) in the presence of a
RuCl2(PPh3)3 catalyst yielded oligobenzimidazoles (OBIs)
with OH groups at both ends. The degrees of oligomerization
(DO) of the OBIs depended on the monomer feed ratio and
reaction temperature. The reaction of the OBIs with
CH3(CH2)mI (m = 0, 3, 5, 7, and 9) assisted by KOH caused
both N- and O-alkylation, yielding alkylated OBI-(CH2)mCH3.
The UV−vis measurements suggest that OBI-CH3 forms a 1:2
charge transfer complex with 7,7,8,8-tetracyanoquinodime-
thane (TCNQ). The intensity of OBI-CH3 photolumines-
cence decreased depending on the amount of TCNQ added to the solution. The quenching behavior was investigated by Stern−
Volmer analysis. The OBIs and OBI-Rs were electrochemically oxidized and reduced. The powder X-ray diffraction patterns
suggest that the OBI-Rs self-assemble into ordered structures in the solid state.

■ INTRODUCTION

Poly(benzimidazole)s (PBIs) and oligo(benzimidazole)s
(OBIs) have attractive properties such as high thermal
stability,1−3 proton conductivity,4−7 and affinity with nucleo-
bases.8,9 Owing to these properties, they are used as materials
for separation and proton exchange membranes in fuel
cells10−16 as well as DNA and RNA binders.17 The synthesis
of PBIs and OBIs usually requires severe conditions or the use
of highly reactive monomers. For example, PBIs have been
synthesized by the melting polycondensation of 3,3′-
diaminobenzidine (DAB) with esters of aromatic dicarboxylic
acids18−21 or by polycondensation of DAB tetrahydrochloride
with aliphatic dicarboxylic acids using polyphosphoric acid as
the dehydrating agent.22 Ionic PBIs have been synthesized by
the chemical oxidation of poly(enetetramine)s, obtained by the
polymerization of reactive benzimidazolium salts, under mild
reaction conditions.23−25 The synthesis of PBIs and OBIs
without reactive monomers under mild reaction conditions is
advantageous regarding cost and environment concerns.
Ruthenium complexes catalyze the condensation reactions of
o-phenylenediamine with primary alcohols and with alkynes to
afford 2-substituted benzimidazoles (BIs) without an acidic
dehydrating agent.26 We have applied these reactions to the
polycondensation of DAB with α,ω-alkanediol,27,28 1,1′-
ferrocenedimethanol,29 and α,ω-diynes30 to afford functional
PBIs.
Conventional polycondensation reactions between two kinds

of bifunctional monomers must be carried out in a 1:1
monomer feed ratio to achieve polymeric products in high
yields. In contrast, the RuCl2(PPh3)3-catalyzed polycondensa-

tion of DAB with diols can occur in unbalanced feed
ratios.27−29 The polycondensation of DAB with an excess of
diols may afford telechelic products with OH end groups. In
this study, the RuCl2(PPh3)3-catalyzed reaction of DAB with
excess amounts of 1,4-benzenedimethanol (BDM) was carried
out, and the structures, chemical properties, and reactivity of
the obtained OBIs were investigated. Well-defined rigid rod
oligomers have attracted considerable attention because they
can be used to understand the chemical and physical properties
of related polymeric materials as well as to investigate
structure−property correlations.31−34 The OBIs with reactive
NH, CN, and OH groups can be modified by N- and O-
alkylation reactions, and alkylated OBI-Rs will self-assemble
into ordered structures in the solid state. It has been reported
that rigid rod polymers and oligomers with long alkyl side
chains often self-assemble into ordered structures in the solid
state.35−47 The investigation of the structure−property
correlations of such modified OBI-Rs can provide useful
information for the development of new functional materials.
To date, there have been no reports on telechelic OBIs, their
applications as macromonomers, or OBI-Rs with self-assembled
ordered structures. Herein, we report the Ru-complex-catalyzed
synthesis of telechelic OBIs and their structures, chemical
properties, and reactivity.
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■ RESULTS AND DISCUSSION

Synthesis and Modification. The RuCl2(PPh3)3-catalyzed
reaction of DAB with BDM in 1:1, 1:1.5, 1:2, and 1:3 molar
ratios at 190 °C yielded the oligobenzimidazoles OBI(n = 7),
OBI(n = 5), OBI(n = 3), and OBI(n = 2), with DOs of 7.2, 5.4,
3.4, and 2.3, respectively (Scheme 1). In the reaction of o-
phenylenediamine (PDA) with primary alcohols, the ruthenium
complex acts as a dual catalyst for the oxidation of primary
alcohols to aldehydes as well as for the cyclization of 2-
iminoanilines, generated by the dehydration reaction of PDA
with aldehydes, to the corresponding BIs.23 It has been
reported that the former catalytic reaction proceeds smoothly at
a high reaction temperature.48 Thus, the reaction of DAB with
BDM in a 1:1 molar ratio was also carried out at 200 and 210
°C and resulted in yield of OBI(n = 12) and OBI(n = 22) with
DOs of 11.5 and 21.5, respectively. The DO increase with
increasing temperature in this oligomerization corresponds to a
facile oxidation of BDM at high reaction temperatures. ESI
TOF-MS analysis of OBI(n = 2) supports its terechelic
structure (Figure S1).
Chemical modification of the OBIs was carried out by using

reactive NH, CN, and OH groups at both ends of the
oligomers. The reaction of OBI(n = 3) and OBI(n = 7) with
alkyl iodides (RI: CH3(CH2)mI, m = 0, 3, 5, 7, and 9) assisted
by KOH caused both N- and O-alkylation, yielding OBI(n =
3)-(CH2)mCH3 and OBI(n = 7)-(CH2)mCH3, respectively
(Scheme 2). To compare the chemical properties of the
oligomers, a model compound, model 1, was synthesized by the
1:2 reaction of DAB with benzyl alcohol (Scheme 3).
The OBIs obtained in this study are soluble in N,N-

dimethylformamide (DMF) and dimethyl sulfoxide (DMSO).
OBI(n = 3)-CH3 and OBI(n = 7)-CH3 are soluble in DMF and
DMSO but insoluble in chloroform. On the other hand, OBI(n
= 3)-(CH2)mCH3 and OBI(n = 7)-(CH2)mCH3 (m = 3, 5, 7,
and 9) are insoluble in DMF and DMSO but soluble in
chloroform because of the presence of hydrophobic long alkyl
chains.

IR and 1H NMR Spectra. Figure 1 shows the IR spectra of
OBI(n = 3) and OBI(n = 3)-C8H17. Peaks corresponding to

stretching vibrations of the CN, CC, and C−N bonds are
observed at 1698, 1625, and 1290 cm−1, respectively, in the IR
spectrum of OBI(n = 3). A broad peak corresponding to
stretching vibrations of the N−H bond is observed around
3400 cm−1. The IR spectra of OBI(n = 7), OBI(n = 5), OBI(n
= 4), and OBI(n = 2) are essentially the same as that of OBI(n
= 3). Instead of the peaks corresponding to the stretching
vibrations of the NH and CN bonds, new peaks
corresponding to the stretching vibrations of the hexyl group
are observed in the range of 2853−2952 cm−1 in the IR
spectrum of OBI(n = 3)-C8H17.
Figure 2 shows the 1H NMR spectra of OBI(n = 3), OBI(n =

22), and OBI(n = 3)-C6H13 in DMSO-d6. The peak
assignments are indicated in the figure. The peaks correspond-
ing to the aromatic and methylene protons at both ends of

Scheme 1. Synthesis of OBIs

Scheme 2. Alkylation of OBI(n)S

Scheme 3. Synthesis of Model Compound

Figure 1. IR spectra of (a) OBI(n = 3) and (b) OBI(n = 3)-C8H17.
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OBI(n = 3) and OBI(n = 22) are observed in the range
approximately δ 7.0−8.4 and δ 4.6, respectively. The DO values
were determined from the relative integral ratio of these peaks
and are summarized in Table 1. The peaks corresponding to
the NH and OH protons are observed at around δ 13.1 and δ
5.3, respectively, in the 1H NMR spectra of OBI(n = 3) and
OBI(n = 22). The assignment of the two peaks is confirmed by
the fact that they disappeared on the addition of D2O to the
solutions. The two peaks corresponding to the NH and OH
protons disappeared, and new peaks corresponding to the hexyl
group appeared in the range δ 0.86−4.34 in the 1H NMR
spectrum of OBI(n = 3)-C6H13. The relative integral ratio of
the peaks corresponding to the CH2O groups at both ends and

the methyl protons of the hexyl groups suggests that the degree
of both N- and O-hexylation of OBI(n = 3)-C6H13 is 0.95. The
N- and O-alkylation of the other OBI(n)-Rs also proceeded
quantitatively, as summarized in Table 2.

Cyclic Voltammograms. Figure 3 shows cyclic voltammo-
grams (CVs) of OBI(n = 3) and OBI(n = 3)-C8H17 in an
acetonitrile solution containing [Et4N]BF4 (0.10 M). OBI(n =
3) exhibited a peak at 1.68 V (Epa vs Ag

+/Ag) corresponding to
electrochemical oxidation of the NH group. The peak
disappeared in the CV of OBI(n = 3)-C8H17 because of the
absence of the NH group in the octylated oligomer. As
summarized in Table 1, the Epa values are independent of the
DOs of the oligomers. The results are consistent with the result

Figure 2. 1H NMR spectra of OBI(n = 3) and OBI(n = 22) in DMSO-d6 and OBI(n = 3)-C6H13 in CDCl3.

Table 1. Synthesis Results and Optical and Electrochemical Properties of Oligomers

DAB:BDM yield (%) temp (°C) DOa absorption (nm)b photoluminescence (nm)c Epa (V
d) Epc (V

d)

OBI(n = 7) 1:1 76 190 7.2 266, 379 453 (0.14) 1.72 −1.58
OBI(n = 5) 1:1.5 83 200 5.4 265, 375 451 (0.47) 1.67 −1.46
OBI(n = 3) 1:2 96 190 3.4 265, 375 452 (0.44) 1.69 −1.41
OBI(n = 2) 1:3 72 190 2.3 265, 374 452 (0.49) 1.68 −1.32
OBI(n = 12) 1:1 85 200 11.5 266, 379 452 (0.16) 1.65 −1.46
OBI(n = 22) 1:1 85 210 21.5 266, 383 451 (0.23) 1.72 −1.36
model 1 30 190 268, 335 403 (0.62)

aDegree of oligomerization determined by the 1H NMR spectrum. bIn DMSO. cIn DMSO. Quantum yield photoluminescence was shown in
parentheses. dMeasured by cyclic voltammetry. Cast film on a Pt plate in an acetonitrile solution of [Et4N]BF4 (0.1 M). Sweep rate was 50 mV s−1.
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that the λmax values of the oligomers are independent of their
OPs. The fact that OBI(n = 3)-C8H17 exhibited an electro-
chemical reduction peak at a lower potential (Epc = −1.14 V vs
Ag+/Ag) than OBI(n = 3) (Epc = −1.41 V vs Ag+/Ag) suggests
that the imidazolium rings of OBI(n = 3)-C8H17 were more
easily electrochemically reduced than the imidazole rings of
OBI(n = 3). The lowest unoccupied molecular orbital
(LUMO) energy levels of OBI(n = 3) and OBI(n = 3)-
C8H17 were estimated to be −3.88 and −3.79 eV, respectively,
according to the equation49

= − + ELUMO (4. 71 )pc
onset

where Epc
onset is the onset potential value of the reduction peak.

The highest occupied molecular orbital (HOMO) energy levels
of OBI(n = 3) and OBI(n = 3)-C8H17 were calculated by −6.76
and −6.52 eV, respectively, according to the equation

= − − | |EHOMO ( LUMO )g
opt

where Eg
opt is the energy gap estimated from the onset

wavelength of the absorption spectrum.
UV−Vis and Photoluminescence Spectra. Optical data

are summarized in Table 1. Figure 4 shows the UV−vis spectra

of OBI(n = 3), OBI(n = 7), OBI(n = 12), OBI(n = 7)-CH3,
deprotonated OBI(n = 3), and model 1 in DMSO. The
oligomers show an absorption maximum (λmax) at a longer
wavelength than that of model 1 because of the larger π-
conjugation system in the oligomers. The fact that the λmax
wavelengths of OBI(n = 3), OBI(n = 7), and OBI(n = 12) are
essentially the same, irrespective of their DOs, indicates that the
π-conjugation system is not expanded along the oligomer chain.
This is probably due to a large degree of twisting between the
benzimidazole and neighboring phenyl rings. It has been
reported that the benzimidazole rings of 1,4-bis(2-
benzimidazoyl)benzene are planar and lie at an angle of
approximately 32° to the central phenyl ring.50 The fact that
the λmax of OBI(n = 7)-CH3 is shorter than that of OBI(n = 7)
corresponds to the assumption that the degree of twisting
between the 1,3-dimethylbenzimidazolium and neighboring
phenylene groups is larger than that between benzimidazole
and neighboring phenylene groups.
The treatment of a DMSO solution of OBI(n = 3) with an

excess amount of NaH caused a bathochromic shift of λmax by
approximately 50 nm, as shown in Figure 4. This shift seems to
be ascribed to the charge transfer from the N− anions generated
via the deprotonation of the imidazole rings to the oligomer
backbone. It has been reported that the deprotonation of OH
group(s) of the aromatic compounds by NaH causes charge
transfer from the O− anion to the inner aromatic rings,
accompanied by a bathochromic shift of λmax.

51−58

The oligomers obtained in this study were photoluminescent
in solution. The emission peak position of the oligomers (λem =
ca. 450 nm) was longer than that of model 1 (λem = 403 nm) in
solution. These observations are consistent with the facts that
the λmax values of the oligomers are larger than that of model 1.
The photoluminescence (PL) quantum yields (Φ) of the
oligomers and model 1 are summarized in Table 1. The Φ value
of model 1 was higher than those of the oligomers. The Φ
values of the oligomers decreased as their DO values increased.
Although reason for the results is unclear, they will be useful
information for the development of new emissive materials.

Formation of CT Complex. It has been reported that
TCNQ reacts with quaternary ammonium iodides to afford

Table 2. Alkylation Degrees and Solid State Structural Data
of OBI(n)-Rs

yield (%)
alkylation degree

(%)a d1 (Å)
b d2 (Å)

b

OBI(n = 3)-CH3 87 97
OBI(n = 3)-C4H9 36 97 10.8 4.4
OBI(n = 3)-C6H13 40 95 15.0 4.4
OBI(n = 3)-C8H17 24 87 18.6 4.3
OBI(n = 3)-C10H21 38 100 25.7 4.3
OBI(n = 7)-CH3 26 85
OBI(n = 7)-C4H9 45 96 10.8 4.3
OBI(n = 7)-C6H13 25 96 15.0 4.3
OBI(n = 7)-C8H17 33 96 18.6 4.4
OBI(n = 7)-C10H21 5 100 24.0 4.5
aDetermined by the 1H NMR spectrum. bDetermined by powder
XRD measurements. d1 = distance between the oligomer chains
separated by alkyl chains. d2 = face-to-face distance of the oligomer
chain.

Figure 3. Cyclic voltammograms of cast film of OBI(n = 3) (blue
curve) on a Pt plate and an acetonitrile solution containing OBI(n =
3)-C8H17 (red curve) and [Et4N]BF4 (0.10 M). Sweep rate was 50 mV
s−1.

Figure 4. UV−vis spectra of OBI(n = 3) (red curve), OBI(n = 7)
(blue solid curve), OBI(n = 12) (green curve), OBI(n = 7)-CH3 (blue
dotted curve), deprotonated OBI(n = 7) (blue hashed curve), and
model 1 (black curve) in DMSO.
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charge transfer (CT) complexes.59−61 The reaction of OBI(n =
3)−CH3 or OBI(n = 7)-CH3 with TCNQ yielded CT
complexes, namely OBI(n = 3)-CH3-TCNQ and OBI(n =
7)-CH3-TCNQ, respectively, while the reaction of OBI(n = 3)-
(CH2)mCH3 (m = 5 and 7) with TCNQ resulted in the
recovery of the substrates. The results correspond to the
assumption that the long alkyl substituents of OBI(n = 3)-
(CH2)mCH3 prevent the approach of TCNQ to the
benzimidazolium ring.
Figure 5 shows the IR spectra of OBI(n = 3)-CH3-TCNQ

and TCNQ. The fact that two peaks corresponding to

stretching vibrations of the CN groups of OBI(n = 3)-CH3-
TCNQ are observed at lower wavenumbers (νCN = 2123 and
2175 cm−1) than that of TCNQ (νCN = 2227 cm−1) indicates
that a CT complex was formed.
The addition of DMSO solutions of OBI(n = 3)-CH3 and

OBI(n = 7)-CH3 to that of TCNQ caused spectral changes,
particularly the appearance of new absorption peaks at
approximately 350 nm and in the range 650−900 nm and
the disappearance of the absorption peak at approximately 400
nm. Figure 6 shows the UV−vis spectral changes of OBI(n =
7)-CH3 in the presence of a series of concentrations of TCNQ.
The absorptions in the range 650−900 nm corresponding to
TCNQ radical anion, increased gradually with the addition of
less than two equimolar quantities of TCNQ and remained
almost unchanged after the addition of more than two

equimolar quantities of TCNQ. These observations suggest
that OBI(n = 7)-CH3 forms a 1:2 CT complex with TCNQ. To
confirm this assumption, the 1:2 modified Benesi−Hildebrand
equation (eq 1)62 was employed to calculate the formation
constant, K (L mol−1), of the CT complex between TCNQ and
OBI(n = 3)-CH3 or OBI(n = 7)-CH3:

ε ε= + +C C A K C C C( ) / 1/ 1/ (4 )a
2

d a d a (1)

where Ca and Cd are the initial concentrations of the acceptor
and the donor, respectively, and A is the absorbance of the
detected band (λ = 755 nm). Figure 7 shows the 1:2 Benesi−

Hildebrand plots. By plotting the (Ca)
2Cd/A values as a

function of the corresponding Ca(4Cd + Ca) values, a straight
line is obtained with a slope of 1/ε and an intercept at 1/Kε,
which indicates the formation of a 1:2 complex between OBI(n
= 3)-CH3 or OBI(n = 7)-CH3 with TCNQ. The normalized K′
values according to the average number of the benzimidazolium
units (donor) in OBI(n = 3)-CH3-TCNQ and OBI(n = 7)-
CH3-TCNQ were calculated to be 7.0 × 108 and 7.9 × 108 L
mol−1, respectively. The larger K′ value of OBI(n = 7)-CH3-
TCNQ than OBI(n = 3)-CH3-TCNQ is probably due to the
assumption that there is a larger content of the benzimidazo-
lium unit (donor) in OBI(n = 7)-CH3-TCNQ than OBI(n =
3)-CH3-TCNQ, which makes it easier to form CT complexes
with TCNQ (acceptor). In addition to Benesi−Hildebrand
plots, Job’s plot analysis was also carried out to confirm the 1:2
CT complexation between OBI(n = 7)-CH3 and TCNQ

Figure 5. IR spectra of OBI(n = 3)-CH3-TCNQ and TCNQ.

Figure 6. UV−vis spectral changes of the DMSO solution of TCNQ (c = 1.5 × 10−5 M) in the presence of a series of concentrations of OBI(n = 7)-
CH3.

Figure 7. 1:2 Benesi−Hildebrand plots of OBI(n = 3)-CH3-TCNQ
(red plots) and OBI(n = 7)-CH3-TCNQ (blue plots).
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(Figure 8). The Job plots display maxima at [OBI(n = 7)-
CH3]/([OBI(n = 7)-CH3] + [TCNQ]) = 0.67, supporting 1:2
CT complex of OBI(n = 7)-CH3 with TCNQ.

The PL peak intensities of OBI(n = 3)-CH3-TCNQ and
OBI(n = 7)-CH3-TCNQ in DMSO decreased gradually
depending on the amount of TCNQ added to the solutions.
This result suggests that TCNQ acts as a PL quencher for the
methylated oligomers. Recent studies of binary conjugated
polymer blends highlight the competition between energy
transfer and photoinduced charge transfer (PCT) events as a
function of the HOMO and LUMO energy levels in the donor
and acceptor pairs.63−65 When both the HOMO and LUMO
energy levels are higher in one of the optical partners, donor
excitation results in a PCT to the acceptor.66−71 As described
above, the HOMO and LUMO energy levels of OBI(n = 3)-
CH3-TCNQ are −6.70 and −3.88 eV, and those of OBI(n = 7)-
CH3-TCNQ are −6.52 and −3.99 eV, respectively. These levels
are higher than those of TCNQ (HOMO = −7.06 eV and
LUMO = −4.48 eV).72 Figure 9 shows a possible PL quenching

mechanism for the methylated oligomers in the presence of
TCNQ. When the methylated OBI (donor) forms a CT
complex with TCNQ (acceptor), donor excitation causes a
PCT to the acceptor’s LUMO. In this situation, the methylated
oligomer PL is quenched. This assumption is confirmed by the
fact that the PL intensity of OBI(n = 3) is almost unchanged by
the addition of TCNQ. Furthermore, the PL intensity of OBI(n
= 3)-C6H13 is almost unchanged by the addition of TCNQ.
The result corresponds to the fact that OBI(n = 3)-C6H13 does
not form CT complex with TCNQ because the long hexyl
pendant groups of OBI(n = 3)-C6H13, which are almost
perpendicular to the oligomer backbone (cf. Powder X-ray

Diffraction section), prevent TCNQ from approaching to the
imidazolium ring.
Figure 10 shows the PL spectra of OBI(n = 7)-CH3 in the

presence of a series of concentrations of TCNQ, which acts as a

PL quencher. The PL intensities decreased with increasing
TCNQ concentration. A quantitative measurement of PL
quenching can be achieved by determining the Stern−Volmer
constant, KSV, from the following equation: I0/I = 1 +
KSV[quencher], where I0 is the PL intensity in the absence of
quencher and I is the PL intensity in the presence of the
quencher. This equation reveals that I0/I increases in direct
proportion to the concentration of the quenching moiety, and
the constant KSV defines the efficiency of quenching. Figure 11

shows the Stern−Volmer plots for PL quenching by TCNQ for
OBI(n = 3)-CH3 and OBI(n = 7)-CH3. The KSV(G) values of
OBI(n = 3)-CH3 and OBI(n = 7)-CH3 are 1.4 × 106 and 9.8 ×
107 M−1, respectively. The higher KSV(G) value of OBI(n = 7)-
CH3 compared to that of OBI(n = 3)-CH3 can be attributed to
the easier formation of a CT complex between OBI(n = 7)-
CH3 and TCNQ. The results are consistent with the results
obtained from the 1:2 Benesi−Hildebrand plots in that the
formation constant, K, between OBI(n = 7)-CH3 and TCNQ is
larger than that between OBI(n = 3)-CH3 and TCNQ.

Powder X-ray Diffraction. Figure 12 shows powder X-ray
diffraction (XRD) patterns of OBI(n = 3)-(CH2)mCH3 (m = 3,

Figure 8. Job plots for OBI(n = 3)-CH3 with TCNQ.

Figure 9. A possible quenching mechanism of methylated oligomer PL
in the presence of TCNQ.

Figure 10. PL spectra of OBI(n = 7)-CH3 in the presence of a series of
concentrations of TCNQ.

Figure 11. Stern−Volmer plots for PL quenching by TCNQ for
OBI(n = 3)-CH3 (red plots) and OBI(n = 7)-CH3 (blue plots).
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5, 7, and 9). The XRD patterns of the alkylated oligomers are
similar to those of the π-conjugated oligomers and polymers
with ordered structures in the solid state, exhibiting peak in the
low-angle region and a medium intensity broad peak in the 2θ
range of approximately 20°−25°.35 The former peak corre-
sponds to the distances (d1) between the oligomer chains
separated by the alkyl side chains, while the latter corresponds
to the face-to-face distance (d2) of the oligomer chain.
The XRD patterns of OBI(n = 3)-C4H9, OBI(n = 3)-C6H13,

OBI(n = 3)-C8H17, and OBI(n = 3)-C10H21 contain peaks at 2θ
= 8.2°, 5.9°, 4.7°, and 3.4° corresponding to the distance (d1 =
10.8 Å for OBI(n = 3)-C4H7, d1 = 15.0 Å for OBI(n = 3)-
C6H13, 18.6 Å for OBI(n = 3)-C8H17, and 25.7 Å for OBI(n =
3)-C10H21) between the oligomer chains separated by the alkyl
side chains, and at 2θ = 20.3°, 20.1°, 20.5°, and 20.6°
corresponding to the face-to-face distance of the oligomer chain
(d2 = 4.3 Å for OBI(n = 3)-C4H7, d2 = 4.4 Å for OBI(n = 3)-
C6H13, 4.3 Å for OBI(n = 3)-C8H17, and 4.3 Å for OBI(n = 3)-
C10H21). The d1 and d2 values of OBI(n = 7)-(CH2)mCH3 are
essentially the same as those of OBI(n = 3)-(CH2)mCH3. The
d1 and d2 values of OBI(n = 3)-(CH2)mCH3 and OBI(n = 7)-
(CH2)mCH3 (m = 3, 5, 7, and 9) are summarized in Table 2.
From previously reported CH2−CH2 distances (1.25 Å) along
the direction of the alkyl chain, the lengths of n-hexyl, n-hexyl,
n-octyl, and n-decyl chains are estimated to be 5.0, 7.5, 10.0,
and 12.5 Å, respectively. The d1 values of OBI(n = 3)-C4H9,
OBI(n = 3)-C6H13, OBI(n = 3)-C8H17, and OBI(n = 3)-C10H21
are approximately double these values and increase propor-
tionally with increasing alkyl chain length, as shown in Figure
13. The data suggest that the alkyl chains of the alkylated
oligomers are almost perpendicular to the oligomer backbone
with end-to-end packing structures in the solid state (Figure
14). The d2 values of OBI(n = 3)-(CH2)mCH3 and OBI(n = 7)-
(CH2)mCH3 (m = 3, 5, 7, and 9) are comparable to those of
self-assembled π-conjugated polymers, such as poly(hexyl-
substituted p-phenyleneethynylene) (d2 = 3.8 and 4.1 Å),73

with an end-to-end packing structure.

■ CONCLUSIONS
The Ru-complex-catalyzed polycondensation of DAB with
BDM yielded telechelic OBI(n)s with OH groups at the both
ends. The DOs of the OBIs depended on the monomer feed
ratio and reaction temperature. The reaction of OBI(n)s with
alkyl iodides resulted in both N- and O-alkylation to yield
alkylated OBI(n)-Rs. UV−vis analysis indicates that OBI(n)-
CH3 formed a 1:2 CT complex with TCNQ. The PL intensity
of OBI(n)-CH3 decreased on the addition of TCNQ, and the
quenching effect of TCNQ is remarkable in the OBI(n)-CH3
with larger n values. The powder X-ray diffraction patterns
suggest that OBI-Rs self-assembled into ordered structures in
the solid state. From the results obtained in this study, we
conclude that Ru-complex-catalyzed polycondensation will be
useful for the development of reactive functional materials.

■ EXPERIMENTAL SECTION
General. Solvents were dried, distilled, and stored under nitrogen.

Reagents were purchased and used without further purification.
Reactions were carried out with standard Schlenk techniques under
nitrogen.

IR and NMR spectra were recorded on a JASCO FT/IR-660 PLUS
spectrophotometer with a KBr pellet and JEOL AL-400 and JEOL
ECX-500 spectrometers, respectively. UV−vis and PL spectra were
obtained by a JASCO V-560 spectrometer and a JASCO FP-6200,
respectively. Cyclic voltammetry was performed with a Hokuto Denko
HSV-110. 1 cm × 1 and 1 cm × 2 cm Pt plates and Pt wire were used
as working, counter, and reference electrodes, respectively. Tetraethy-
lammonium tetrafluoroborate was used as an electrolyte. Scan speed
was 50 mV s−1. Powder X-ray diffraction measurement was conducted
using a Rigaku RINT 2500 generator with Cu Kα irradiation.

Synthesis of OBI(n = 3). RuCl2(PPh3)3 (0.14 g, 0.15 mmol) was
dissolved in N-methyl-2-pyrrolidone (NMP) (10 mL). To the solution

Figure 12. Powder XRD patterns of OBI(n = 3)-(CH2)mCH3 (m = 3,
5, 7, and 9).

Figure 13. Plots of d1 spacing between the main chains against the
number of carbons (m) in the alkyl side chain for OBI(n = 3)-
(CH2)mCH3.

Figure 14. End-to-end packed structure.
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were added DAB (0.64 g, 3.0 mmol) and BDM (0.83 g, 6.0 mmol).
After the reaction solution was stirred at 190 °C for 14 h, the solution
was cooled to room temperature and standed for 4 h. The resulting
precipitate was collected by filtration, dissolved in DMSO (2 mL), and
reprecipitated from acetone (200 mL). The precipitate was collected
by filtration and dried in vacuo to give OBI(n = 3) as a light green
powder (0.89 g, 96%). 1H NMR (DMSO-d6, 400 MHz): δ 13.12
(4H), 7.03−8.43 (34H), 5.35 (2H), 4.60 (4H).
Other OBI(n)s were synthesized in a similar manner.
Data of OBI(n = 2). 1H NMR (DMSO-d6, 400 MHz): δ 13.2 (2H),

7.03−8.43 (24H), 5.36 (2H), 4.61 (4H).
Data of OBI(n = 5). 1H NMR (DMSO-d6, 400 MHz): δ 13.1 (5H),

7.02−8.43 (54H), 5.33 (2H), 4.60 (4H).
Data of OBI(n = 7). 1H NMR (DMSO-d6, 400 MHz): δ 13.1 (8H),

7.03−8.42 (74H), 5.33 (2H), 4.61 (4H).
Data of OBI(n = 11). 1H NMR (DMSO-d6, 400 MHz): δ 13.1

(13H), 7.03−8.42 (114H), 5.33 (2H), 4.61 (4H).
Data of OBI(n = 22). 1H NMR (DMSO-d6, 400 MHz): δ 13.1

(25H), 7.03−8.42 (224H), 5.32 (2H), 4.60 (4H).
Synthesis of OBI(n = 3)-C6H13. After 1-iodobutane (2.49 g, 13.5

mmol) was added dropwise to the mixture of a DMSO (2 mL)
solution of OBI(n = 3) (0.22 g, 0.50 mmol) and an aqueous solution
(2 mL) of KOH (5 M), the reaction solution was stirred at 45 °C for
16 h and extracted with chloroform. Chloroform of the organic layer
was removed under vacuum, and the remaining DMSO solution was
poured into hexane (300 mL). The precipitate was collected by
filtration and dried under vacuum to give OBI(n = 3)-C6H13 as a black
solid (0.19 g, 40%). Degree of n-hexylation = 95%. 1H NMR (CDCl3,
400 MHz): δ 6.71−8.14 (36H), 4.61 (OCH2, 4H), 4.34 (17.7H),
3.23−3.54 (8H), 1.29−1.89 (119H), 0.86 (CH3, 44.5H).
Other alkylated OBI(n)-Rs were synthesized in a similar manner.
Data of OBI(n = 3)-CH3. Yield = 87%. Degree of methylation =

97%. 1H NMR (CDCl3, 400 MHz): δ 7.70−8.78 (34H), 4.59 (OCH2,
4H), 3.96−4.71 (NCH3, OCH3, 45.4H).
Data of OBI(n = 3)-C4H9. Yield = 36%. Degree of n-butylation =

98%. 1H NMR (CDCl3, 400 MHz): δ 6.71−8.14 (38H), 4.62 (OCH2,
4H), 4.07−4.35 (18.4H), 3.26−3.55 (8.3H), 1.33−1.88 (61.2H), 0.92
(CH3, 45.9H).
Data of OBI(n = 3)-C8H17. Yield = 24%. Degree of n-octylation =

87%. 1H NMR (400 MHz, CDCl3): δ 6.71−8.14 (38H), 4.61 (OCH2,
4H), 4.34 (16.7H), 3.22−3.54 (7H), 1.26−1.89 (166H), 0.87 (CH3,
41H).
Data of OBI(n = 3)-C10H21. Yield = 38%. Degree of n-decylation =

100%. 1H NMR (CDCl3, 400 MHz): δ 6.91−8.13 (38H), 4.61
(OCH2, 4H), 4.33 (15.5H), 3.53 (12H), 1.24−1.89 (245H), 0.87
(CH3, 46.6H).
Data of OBI(n = 7)-CH3. Yield = 57%. Degree of methylation =

97%. 1H NMR (CDCl3, 400 MHz): δ 7.70−8.33 (74H), 4.63 (OCH2,
4H), 3.95−4.71 (CH3, 89.7H).
Data of OBI(n = 7)-C4H9. Yield = 45%. Degree of n-butylation =

96%. 1H NMR (CDCl3, 400 MHz): δ 6.72−8.14 (76H), 4.61 (OCH2,
4H), 4.37 (24H), 3.30−3.75 (3.8H), 1.34−1.86 (115H), 0.91 (CH3,
88.6H).
Data of OBI(n = 7)-C6H13. Yield = 25%. Degree of n-hexylation =

96%. 1H NMR (CDCl3, 400 MHz): δ 6.70−8.13 (76H), 4.61 (OCH2,
4H), 4.33 (25H), 3.21−3.63 (3.8H), 1.28−1.80 (233H), 0.86 (CH3,
87.7H).
Data of OBI(n = 7)-C8H17. Yield = 33%. Degree of n-octylation =

96%. 1H NMR (CDCl3, 400 MHz): δ 6.91−8.13 (76H), 4.61 (OCH2,
4H), 4.33 (27H), 3.21−3.63 (3.8H), 1.26−1.89 (352H), 0.86 (CH3,
88.5H).
Data of OBI(n = 7)-C10H21. Yield = 5%. Degree of n-decylation =

100%. 1H NMR (CDCl3, 400 MHz): δ 6.83−8.14 (76H), 4.61
(OCH2, 4H), 4.33 (24H), 3.21−3.65 (4H), 1.24−1.89 (489H), 0.86
(CH3, 93.9H).
Synthesis of Model 1. RuCl2(PPh3)3 (0.25 g, 0.26 mmol) was

dissolved in NMP (10 mL). To the solution were added DAB (1.29 g,
6.0 mmol) and benzyl alcohol (3.9 g, 36 mmol). After the reaction
solution was stirred at 200 °C for 14 h, the solvent was removed under
vacuum. The resulting solid was washed with acetonitrile (300 mL),

collected by filtration, and dried in vacuo to give a light brown powder,
which was dissolved in a mixture of chloroform and methanol. The
precipitate from the solution was collected by filtration and dried in
vacuo to give model 1 as a light brown powder (1.53 g, 66%). 1H
NMR (DMSO-d6, 400 MHz): δ 13.0 (br, 2H), 8.20−8.22 (m, 4H),
7.49−7.85 (m, 12H). 13C NMR (DMSO-d6, 125 MHz): δ 151.78,
135.84, 130.09, 129.90, 128.97, 126.44, 122.00.

Synthesis of OBI(n = 3)-CH3-TCNQ. OBI(n = 3)-CH3 (0.10 g,
0.14 mmol) was dissolved in DMSO (2 mL). To the solution was
added TCNQ (77 mg, 0.36 mmol). After the reaction solution was
stirred at 20 °C for 7 h, the solvent was removed under vacuum. The
resulting solid was washed with tetrahydrofuran (50 mL), collected by
filtration, and dried in vacuo to give OBI(n = 3)-CH3-TCNQ as a
black solid (0.12 g). IR (KBr, cm−1): 2173 (s), 2155 (s), 1629 (w),
1571 (s), 1505 (s), 1475 (m), 1345 (s), 1277 (w), 1173 (s), 1016 (w),
822 (w).

OBI(n = 7)-CH3-TCNQ was synthesized in a similar manner. Data
of OBI(n = 7)-CH3-TCNQ.

1H NMR (DMSO-d6, 400 MHz): IR
(KBr, cm−1): 2178 (s), 2152 (s), 1637 (w), 1570 (s), 1504 (s), 1474
(m), 1345 (s), 1276 (m), 1173 (s), 1015 (w).
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(64) Segura, J. L.; Goḿez, R.; Martin, N.; Luo, C.; Swartz, A.; Guldi,
D. M. Variation of the Energy Gap in Fullerene-based Dendrons:
Competitive versus Sequential Energy and Electron Transfer Events.
Chem. Commun. 2001, 8, 707−708.
(65) Guldi, D. M.; Swartz, A.; Luo, C.; Goḿez, R.; Segura, J.; Martin,
N. Rigid Dendritic Donor−acceptor Ensembles: Control over Energy
and Electron Transduction. J. Am. Chem. Soc. 2002, 124, 10875−
10886.
(66) Liu, B.; Gaylord, B. S.; Wang, S.; Bazan, G. C. Effect of
Chromophore-charge Distance on the Energy Transfer Properties of
Water-soluble Conjugated Oligomers. J. Am. Chem. Soc. 2003, 125,
6705−6714.
(67) Liu, B.; Bazan, G. C. Optimization of the Molecular Orbital
Energies of Conjugated Polymers for Optical Amplification of
Fluorescent Sensors. J. Am. Chem. Soc. 2006, 128, 1188−1196.
(68) Sariciftci, N. S.; Smilowitz, L.; Heeger, A. J.; Wudl, F.
Photoinduced Electron Transfer from a Conducting Polymer to
Buckminsterfullerene. Science 1992, 258, 1474−1476.
(69) Xu, Q. H.; Moses, D.; Heeger, A. J. Time-resolved Measure-
ments of Photoinduced Electron Transfer from Polyfluorene to C60.
Phys. Rev. B: Condens. Matter Mater. Phys. 2003, 67, 245417.
(70) Bred́as, J. L.; Beljonne, D.; Coropceanu, V.; Cornil, J. Charge-
transfer and Energy-transfer Processes in π-Conjugated Oligomers and
Polymers: a Molecular Picture. Chem. Rev. 2004, 104, 4971−5004.
(71) Thomas, K. R. J.; Thompson, A. L.; Sivakumar, A. V.; Bardeen,
A. J.; Thayumanavan, S. Energy and Electron Transfer in Bifunctional
Non-conjugated Dendrimers. J. Am. Chem. Soc. 2005, 127, 373−383.
(72) Srivastava, K. K.; Srivastava, S.; Alam, M. T.; Rituraj. Theoretical
study of the effects of solvents on the ground state of TCNQ. Adv.
Appl. Sci. Res. 2014, 5, 288−295.
(73) Huang, W. Y.; Gao, W.; Kwei, T. K.; Okamoto, Y. Synthesis and
Characterization of Poly(alkyl-substituted p-phenylene ethynylene)s.
Macromolecules 2001, 34, 1570−1578.

Macromolecules Article

DOI: 10.1021/acs.macromol.7b02187
Macromolecules XXXX, XXX, XXX−XXX

J

http://dx.doi.org/10.1021/acs.macromol.7b02187

