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Introduction

In addition to being a ubiquitous force participating in the
construction of well-defined three-dimensional structures of
biomacromolecules, hydrogen bonding serves as one of the
most useful and versatile non-covalent interactions in the
“toolbox” of chemists, helping to realise self-assemblies of
diverse artificial supramolecular organisations.[1] Numerous
elegantly designed intermolecular and intramolecular hydro-
gen-bonding motifs have been applied for such purposes.[2]

Due to its ready availability and biocompatibility, oligo-
(ethylene glycol) (OEG) has emerged as a popular side chain
for attaining optimal solubility of supramolecular assemblies
and their modules in polar organic and aqueous solutions.
Hence, hydrogen bonds and OEG side chains have fre-
quently been implemented simultaneously in supramolec-
ular architectures.[3–10] However, caution ought to be used in
designing such systems because the oxygen atoms in OEGs
are potential hydrogen-bond acceptors and may interfere
with the designed hydrogen-bonding motifs. Recently,
“back-folding” of OEG side chains driven by intramolecular
hydrogen-bond formation with hydrogen-bond donors in the
core structure was observed and investigated in a number of
systems.[7–13] Due to the importance of both hydrogen bonds
and OEG side chains, the circumvention or harnessing of
such interactions to achieve the desired hydrogen-bond de-
signs has become a research topic of growing importance.

Phenylene-ethynylene polymers and oligomers are a
family of conjugated systems with highly diversified struc-
tures and wide applications as (opto-)electronic materials.[14]
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With the increasing attention paid to molecular and nano-
electronics, oligo(p-phenylene-ethynylene)s (OPEs) have
been intensively studied as promising molecular wires due
to their very good electric-conducting properties.[15] Herein,
we report a study on an OPE system that harnessed compet-
itive intramolecular hydrogen bonds to control the back-
bone conformation. OPEs of fully planarised backbone
structure are of great interest because they are expected to
display superior conductivity compared to the analogous
oligomers with non-planar conformations.[16] Furthermore,
our design allowed a systematic investigation of the struc-
tures and properties of hydrogen-bonding motifs involving
“back-folded” OEGs.

Due to a low energy barrier, the phenylene units in the
OPE backbone undergo rapid rotation around the ethyny-
lene moieties at room temperature.[17] Previously, we syn-
thesised a series of OPEs in which intramolecular hydrogen
bonds were implemented between neighbouring phenylene
pairs in the backbone (1 a–c, Scheme 1).[18] The hydrogen-
bond donors were the NH protons of the alkanamido
groups, and the acceptors were the ester carbonyl oxygen
atoms on every other phenyl ACHTUNGTRENNUNG(ene) unit. Upon formation of
the intramolecular hydrogen bonds, all of the phenyl ACHTUNGTRENNUNG(ene)
rings in the backbone were constrained in a co-planar con-
formation. In comparison with regular OPEs without such
intramolecular hydrogen bonds, the planarised backbone ex-

hibited a more extended conjugation length, as evidenced
by a bathochromic shift in the absorption spectrum.

In our original design of OPE (1 a–c), the phenylene units
in the backbone were appended with linear alkyl side
chains. The longer OPE 1 c demonstrated a strong tendency
for intermolecular association because of the planarised aro-
matic skeleton, which resulted in poor solubility in most or-
ganic solvents. Chloroform was the best solvent identified,
and it afforded only low solubility. To facilitate studies of
these planar OPE structures in more diverse solvents, OEG
was chosen as an alternative side chain to replace the linear
alkyl chains for improved solubility. Furthermore, in order
to precisely delineate the effects of the intramolecular hy-
drogen bonds and planarised backbone on the electronic
and conductive properties, a suitable oligomer analogue was
desired for a comparison study. Ideally, it would possess a
non-planar backbone but would otherwise have nearly iden-
tical structural features to those of the planar oligomer.
Thus, a molecular design was contemplated in which OEG
side chains would be exploited to install competitive hydro-
gen bonds and achieve control and variation in the back-
bone conformation.

In the literature, OEG side chains were reported to form
intramolecular hydrogen bonds upon back-folding. If such a
bonding motif was undesirable, they could be precluded by
introducing a long aliphatic spacer between the hydrogen-
bond donor and the OEG chain.[9–12] In the current system,
we determined that, by adjusting the linker length, the intra-
molecular hydrogen bonds involving OEG side chains could
be formed or disrupted with control. Consequently, the
aforementioned hydrogen bonds between adjacent phenyl-
ene units were switched “on” or “off”, due to competition
with the OEG side chains for the same set of hydrogen-
bond donors. Thereby, the OPE backbone conformation was
varied to be either co-planar or random, and the effective
conjugation length was modulated.

In addition to a method for controlling the backbone con-
formation, important information about the hydrogen-bond
motif of back-folded OEGs was revealed by the current
study. The stability of the intramolecular hydrogen bond
formed by the ether oxygen atom in an OEG associating
with the amido NH group was highly sensitive to the size of
the ring set up by its formation. Specifically, if a five-mem-
bered ring was created, the hydrogen bond was significantly
more robust than one formed with a six-membered ring.
Furthermore, the results showed that, in the current system,
a single oxygen atom played a dominant role in stabilising
the intramolecular hydrogen bond formed by a back-folded
OEG; that is, bifurcated hydrogen bonds were not impor-
tant in these oligomers.

In our study, by characterising the conjugation length of
the OPE chain, UV/Vis absorption spectroscopy served as a
sensitive and convenient tool for probing the backbone con-
formation and interrogating the stability of relevant intra-
molecular hydrogen bonds.

Scheme 1. Chemical structures of the studied OPE series.
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Results and Discussion

Design and syntheses of OPEs : In addition to the original
series of alkylated OPEs (1 a–c), four series of analogous
oligomers were synthesised (2–5, Scheme 1). In each series,
oligomers of three different chain lengths were prepared.
Oligomers with 3, 5, and 7 phenyl ACHTUNGTRENNUNG(ene) rings in the back-
bone were labelled a, b, and c, respectively. 2 and 3 were ap-
pended with tri(ethylene glycol) monomethyl ether (Tg)
side chains. The difference between these two sets of oligo-
mers was that a methylene linker was inserted between the
amido carbonyl group and the nearest oxygen atom in the
Tg side chain in 2, whereas an ethylene spacer was incorpo-
rated in 3.

In oligomers 4 and 5, instead of a Tg side chain, alkoxy
groups were attached to the amido functional moieties
through a methylene or ethylene linker. These oligomers
were designed to investigate the structure of the hydrogen
bonds formed by back-folded
OEG chains. These compounds
would be useful for delineating
whether one or more than one
oxygen atom acted as the hy-
drogen-bond acceptor in such
motifs. If 4 and 5 displayed sim-
ilar behaviours to those of 2
and 3, respectively, it would in-
dicate that a single ether
oxygen atom is sufficient to sta-
bilise the hydrogen bond and
enable OEG back-folding. On
the other hand, if 4 and 5 dis-
played weakened hydrogen
bonds, bifurcated hydrogen
bonds would be implied in 2
and 3, with the demand for the
presence of two hydrogen-bond
acceptors for maximal stabili-
ty.[13]

After the attainment of a
number of new monomers with
different side chains (M2–M5 in
Figure 1), the syntheses of olig-
omers 2–5 were accomplished
by similar synthetic routes to
that used for generating 1 (see
the Supporting Information).
Specifically, Sonogashira cross-
coupling between aryl iodide
and the terminal acetylene
group was performed to assem-
ble the OPE backbone. Trime-
thylsilyl protection–deprotec-
tion protocols were employed
for the terminal acetylene
groups to achieve step-wise
chain extension, which offered

monodisperse oligomers. The identity and purity of all stud-
ied oligomers were characterised by NMR spectroscopy,
mass spectroscopy, and elemental analyses.

1H NMR study of key monomers : The 1H NMR spectra
were first studied to characterise the hydrogen bonds in the
monomers. All spectra were recorded in CDCl3 (Figure 1).
In M1, the amido NH groups (that is, protons Ha) generated
a resonance with a chemical shift of approximately 7.8 ppm.
However, in M2, in which the hexanamido groups were re-
placed with Tg-substituted 2-hydroxyacetamido groups, the
corresponding Ha protons exhibited a distinct chemical shift
of nearly 9.3 ppm. Such a significant change could not be
solely explained by the inductive effect of different side
chains. The chemical-shift value was concentration inde-
pendent, so the marked downfield shift observed in M2 was
attributed to an intramolecular hydrogen bond formed by

Figure 1. Chemical structures and the aromatic region of the 1H NMR spectra of OPE monomers in CDCl3.
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the Ha protons. This result confirmed our prediction that the
OEG side chains would fold back and form intramolecular
hydrogen bonds with the contained ether oxygen atom(s)
(Scheme 2). To further elucidate the properties of these hy-
drogen bonds, the 1H NMR spectrum of M3 was then exam-
ined. Interestingly, the amido NH groups in M3 displayed a
chemical shift of approximately 8.7 ppm, an intermediate
value between those of corresponding protons in M1 and
M2. The extent of downfield shift of hydrogen-bonded pro-
tons semi-quantitatively reflects the bond strength, so it was
concluded that intramolecular hydrogen bonds were formed
by the Ha protons in M3, but their strength was weaker than
that of the hydrogen bonds in M2. Subsequently, the chemi-
cal shifts of the amido protons in M4 and M5 were com-
pared. The NMR spectra showed that the Ha protons in M4
exhibited a similar chemical shift to that of M2, and M5 pre-
sented a similar spectrum to that of M3.

The information provided by 1H NMR spectra of the
monomers can be summarised as follows. First, because M2
and M4 exhibited similar chemical shifts, it was indicated
that a single oxygen atom (the one nearest to the amido car-
bonyl group) played a dominant role in forming the hydro-
gen bond and driving the back-folding of the OEG chain.
Any effect of the additional oxygen atoms was not detected.
The similar chemical shifts displayed by the amido NH
groups in M3 and M5 was also informative, in that no pro-
nounced improvement in bond stability was manifested by
the presence of additional hydrogen-bond acceptors, even in
an hydrogen bond of attenuated strength. Essentially, these
results suggested that the bifurcated hydrogen-bond motif
was unimportant in these monomers (Scheme 2). This obser-
vation was different from that made by Meijer and co-work-
ers with a benzene tricarboxamide, in which the presence of
the second hydrogen-bond acceptor was critical for back-
folding of the OEG side chain.[13] These results combined
show that subtle changes in chemical structure strongly in-
fluence the hydrogen-bonding motif and its properties.

Furthermore, by correlating the amido NH chemical shifts
with the structure differences between M2/M4 and M3/M5,
it was evident that the five-membered ring formed in M2/
M4 was more stable than the six-membered ring in M3/M5.
The reason for this could be a smaller entropy cost for fold-
ing a shorter segment of aliphatic spacer. Additionally, be-
cause there is only one methylene unit in the five-membered

ring, the torsion strain caused by unfavourable eclipsing or
gauche interactions of CH bonds[12] is absent in M2 and M4
but present in M3 and M5. This must have greatly stabilised
the hydrogen-bonding motif in the former group.

Additionally, the hydrogen bonds in M3 and M5 were
found to be more sensitive to steric interference. If the ter-
minal acetylene group was attached to a trimethylsilyl
(TMS) group, as in M5-TMS (Figure 1), the resonance of
the NH protons was further upfield shifted by approximate-
ly 0.5 ppm relative to that of M5, from 8.7 to 8.2 ppm. A
similar chemical shift change was recorded between M3 and
M3-TMS (spectrum not shown). On the other hand, upon
TMS substitution, a much smaller extent of upfield shifting
(<0.15 ppm) was displayed by M4-TMS (Figure 1) and M2-
TMS (spectrum not shown). Apparently, such upfield shift-
ing evidenced weakening of the intramolecular hydrogen
bonds in these monomers. This was considered to be a result
of steric repulsion caused by the bulky TMS group. One
possible explanation for the larger susceptibility of the hy-
drogen bonds in M3 and M5 to steric interference could be
that the six-membered cyclic hydrogen-bonding motif was
intrinsically labile and easier to disrupt (see above). An ad-
ditional reason might be that, due to the larger ring size,
part of the side chain in M3-TMS or M5-TMS was forced to
be in closer proximity to the TMS moiety, and this imposed
greater steric strain that resulted in distortion and weaken-
ing of the hydrogen bonds. The latter explanation was sup-
ported by theoretical calculations simulating the energy-
minimised molecular conformation of M5-TMS (Figure S1
in the Supporting Information).

Spectroscopic study of the OPEs in non-polar solvent: In
spite of the different chemical shifts observed for the Ha

protons in the monomers, all of the amido NH protons in
the various oligomers exhibited a similar chemical shift of
approximately 9.3 ppm. Such a value suggested that relative-
ly stable hydrogen bonds were formed in all of these oligo-
mers by the amido NH proton. In 1, unambiguously, the in-
tramolecular hydrogen bonds were formed between the
amido NH proton and the ester carbonyl oxygen atom on
adjacent phenyl ACHTUNGTRENNUNG(ene) rings. However, due to the presence of
competing hydrogen-bond acceptors (namely the ether
oxygen atoms from the side chains), the structure of the hy-
drogen-bonding motif became equivocal in oligomer series
2–5. That is, although 1H NMR spectroscopy gave explicit
evidence for hydrogen-bond formation, it was incapable of
identifying the hydrogen-bond acceptor.

Uniquely, UV/Vis absorption spectra provided critical in-
formation for the hydrogen-bond structure in the oligomers.
In the previous study,[18] we showed that the effective conju-
gation length of the oligomers was extended by restraining
the rotational motion of the phenylene units in the OPE
backbone and confining them into a co-planar conformation
by virtue of intramolecular hydrogen bonds. This was evi-
denced by a bathochromic shift of the absorption band, rela-
tive to that of analogous OPEs without such intramolecular
hydrogen bonds. Shown in Figure 2 are the absorptions of

Scheme 2. Intramolecular hydrogen-bonding motifs in M2 and M3 involv-
ing the back-folded OEG side chains forming five- or six-membered
cyclic structures (left and middle, respectively). The bifurcated hydrogen-
bonding motif (right) was evidenced to be unimportant for the current
system.
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the newly synthesised oligomer series 2–5, recorded in
chloroform, relative to those of series 1. A trend was dis-
cernible from these spectra: at a given chain length, oligo-
mers of series 1, 3 and 5 displayed very similar absorption
energy, whereas series 2 and 4 showed hypsochromically
shifted absorption bands. For example, OPEs 1 c, 3 c, and 5 c
had nearly identical absorption maxima at approximately
470 nm, but the absorption peaks of 2 c and 4 c were at 440
and 430 nm, respectively. Such an absorption energy differ-
ence was also manifested by oligomers of shorter chain
lengths. It was also noted that the absorptions of 2 and 4
were very similar to those of OPEs with non-planar confor-
mations (that is, without hydrogen bonds).[19] On the basis of
these results, we proposed that the disparate absorption en-
ergies reflected different backbone conformations. All of
the studied OPEs were categorised into two sets, series 1, 3
and 5 versus series 2 and 4, depending on their absorption
energy. The former group possessed a co-planar backbone
conformation, whereas the latter existed in random, non-
planar conformations, like regular OPEs.

Such a hypothesis was substantiated by additional experi-
mental evidence. Series 1, 3 and 5 generally exhibited higher
extinction coefficients than corresponding oligomers of the

same chain lengths in series 2 and 4 (Table 1). Moreover, for
OPEs containing five or more phenyl ACHTUNGTRENNUNG(ene) units, distinct ab-
sorption band shapes were observed with the two sets of
oligomers. Specifically, 1 b/c, 3 b/c and 5 b/c exhibited fine
structures in their absorption spectra. By contrast, OPEs 2 b/
c and 4 b/c gave broader and more featureless absorption
bands. All of these differences indicated that oligomer series
3 and 5 possessed more rigid backbones than those of series
2 and 4. It can be imagined that, if the rotational motion of
the phenylene units were inhibited or suppressed, the OPE
backbone would become less flexible. Hence, the absorp-
tion-band shape and extinction coefficient served as further
evidence for constrained and rigidified backbones in series
1, 3 and 5, unlike those in series 2 and 4.

Additionally, the emission spectra of these OPEs mani-
fested a similar trend to the absorption spectra. Series 1, 3
and 5 exhibited emission bands of longer wavelengths than
series 2 and 4, for compounds with corresponding chain
lengths (Figure S2 in the Supporting Information), which
further verified the above proposition that the former series
possessed longer effective conjugation lengths than the
latter series, consistent with different backbone conforma-
tions.

Varied backbone conformations entailed by competitive hy-
drogen-bonding motifs : By correlating the oligomer back-
bone conformations, inferred from optical spectra, with the
intramolecular hydrogen-bond stability, characterised by
1H NMR spectroscopy, a legitimate rationale for the experi-
mental observations was reached. In the oligomers 2–5, the
ester carbonyl groups competed with ether oxygen atoms in
the side chains as hydrogen-bond acceptors. Hydrogen
bonds among neighbouring phenylene units existed in OPE
series 1, 3 and 5 and led to the co-planar backbone confor-
mation. On the other hand, such hydrogen bonds must be
disrupted in series 2 and 4, because the backbones were
non-planar. But the chemical shifts of the amido NH pro-
tons suggested that these protons were also hydrogen-
bonded in 2 and 4. A plausible explanation is that they were
bonded to oxygen atoms in the side chains, rather than to
the carbonyl groups. Essentially, the results indicated that
the intramolecular hydrogen bonds formed by the amido
NH proton and the ester carbonyl oxygen atom were of in-
termediate stability, between those of the five- and six-mem-
bered cyclic hydrogen-bonding motifs formed within the
side chains (Scheme 3). Different combinations of hydro-

Figure 2. UV/Vis absorption spectra for OPE series 1–5 in chloroform.

Table 1. Absorption data for the studied OPE oligomers.

Oligomer lmax [nm] (e [104

m
�1 cm�1])[a]

lmax [nm] (e [104

m
�1 cm�1])[a]

lmax [nm] (e [104

m
�1 cm�1])[a]

1a 402 (2.6)[b] 1b 456 (7.1)[b] 1 c 471 (11)[b]

2a 386 (2.1) 2b 425 (6.1) 2 c 441 (8.3)
3a 401 (3.0) 3b 451 (7.5) 3 c 469 (12)
4a 382 (2.3) 4b 417 (6.2) 4 c 431 (7.3)
5a 401 (3.1) 5b 452 (7.7) 5 c 468 (11)

[a] The precision of the extinction coefficient (e) was approximately
�15 %. [b] Taken from reference [18].
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gen-bond donors and acceptors brought about varied bond-
ing motifs, backbone conformations, and spectroscopic fea-
tures.

UV/Vis study and backbone conformation analyses in polar
protic solvent : All of the aforementioned absorption spectra
were recorded in the non-polar solvent chloroform, which is
non-disruptive to hydrogen bonds. Subsequently, we carried
out a study interrogating the hydrogen-bond stability, as
well as the backbone conformation, in a polar protic solvent
that may interfere with the intramolecular hydrogen bonds.
Methanol was chosen for the experiment because of its
potent capability to form hydrogen bonds, both as a donor
and acceptor. It was considered that, because the longer
OPEs contained a larger number of intramolecular hydro-
gen bonds, their backbone conformation should be more
sensitive to solvent perturbation. Therefore, the investiga-
tion was focused on oligomer series c. As expected, the Tg
side chains afforded adequate solubility for oligomers 2 c
and 3 c in methanol. A comparison of the UV/Vis spectra re-
corded in chloroform and methanol revealed the following
results. For both 2 c and 3 c, a
minor wavelength difference
was displayed between the
spectra measured in the two
different solvents (Figure 3).
This difference was attributed
to the solvent-polarity effect.
Particularly for oligomer 3 c,
which adopted a co-planar con-
formation in chloroform, if
methanol molecules had broken
up any of the hydrogen bonds
between the phenylene units,
the effective conjugation length
of the oligomer would be short-

ened, which would cause a
blueshift in the absorption spec-
trum. If most or all of the intra-
molecular hydrogen bonds were
disrupted in 3 c, the oligomer
should exist with a non-planar
backbone conformation and
hence would exhibit an absorp-
tion spectrum similar to that of
OPE 2 c. However, the experi-
ment showed that the evident
wavelength difference persisted
between the absorption maxima
of 2 c and 3 c in methanol. The
fact that the absorptions of 3 c
in chloroform and methanol
were of similar energy indicated
that this oligomer retained the
co-planar conformation in the
polar protic solvent, which im-
plies that the hydrogen bonds
were reserved among the phen-

ylene units. A slight broadening and tailing effect observed
for the absorption of 3 c in methanol suggested the occur-
rence of minor intermolecular aggregation of this molecule
at a concentration of <10�5

m, whereas no evidence for in-
termolecular aggregation was detected for 2 c at a similar
concentration. This stronger tendency for self-association
also corroborated the theory of a rigid, planar backbone
structure in 3 c.

Only a short ethylene linker, rather than a long, non-
polar alkylene segment, was incorporated between the hy-
drogen-bonding motif and Tg side chains in 3 c, so diffusion
of methanol molecules to the vicinity of the hydrogen bonds
should not be difficult. Hence, the shielding effect of a non-
polar local environment cannot be the reason for the failure
of methanol to break up the intramolecular hydrogen
bonds.[10] It may thus be concluded that the intrinsic stability
of the intramolecular hydrogen bonds in 3 c sufficed for re-
sisting interference from the solvent molecules. As the five-
membered cyclic hydrogen-bonding motif was proven to be
even more robust, it is therefore reasonable to infer that the

Scheme 3. Illustration of different OPE backbone conformations controlled by competitive intramolecular hy-
drogen bonds.

Figure 3. UV/Vis absorption spectra of 2c (left) and 3c (right) in chloroform (solid lines) and methanol
(dashed lines).
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intramolecular hydrogen bonds in 2 c were not disrupted by
methanol either.

Conclusion

By designing and implementing competitive intramolecular
hydrogen bonds, conjugated OPEs with controlled backbone
conformations, either co-planar or random, were achieved.
Additionally, the specific structure and stability of the hy-
drogen-bonding motifs involving back-folded OEG side
chains were elucidated.

This was realised by incorporating two types of intramo-
lecular hydrogen bonds into the OPEs. One of them was
placed between adjacent phenyl ACHTUNGTRENNUNG(ene) units in the OPE
backbone. When such hydrogen bonds were formed, all of
the phenylene units in the OPE were constrained into a co-
planar conformation. The other type existed within the side
chains of the bisamidophenylene rings and did not entail the
co-planar conformation. The two motifs demanded the same
set of amido NH protons as the hydrogen-bond donors.
Therefore, they were in competition and only one of them
could be formed in the oligomers. Ester carbonyl groups on
alternative phenylene units acted as acceptors in the first
type of hydrogen bonds. Ether oxygen atoms in side chains
attached to the amido groups served as the second type of
acceptors. Depending on the length of the alkylene linker
between the amido NH donor and ether oxygen acceptor in
the side chain, either five- or six-membered rings were
formed with the second type of hydrogen bonds. The experi-
mental results showed that, in the studied OPEs, the five-
membered cyclic hydrogen-bonding motif formed by the
back-folded side chain was the most stable, whereas the six-
membered analogue was rather labile. Hydrogen bonds
formed between phenylene units by the ester carbonyl
oxygen atom and the amido NH proton were of intermedi-
ate strength. Such a relative stability order allowed control
over the OPE backbone conformation. The hydrogen bonds
among phenylene rings were either disrupted, if they com-
peted with five-membered-ring hydrogen bonds in the side
chains, or they could be maintained, in which case the six-
membered-ring hydrogen bonds within side chains yielded.
Even in the protic solvent methanol, the intramolecular hy-
drogen bonds among phenylene units and those of five-
membered cyclic structures were preserved. As the relative
orientation of the phenylene units in the OPEs was gov-
erned by these hydrogen bonds, different backbone confor-
mations were exhibited, either co-planar or random, de-
pending on the side-chain structure.

More structural information regarding the hydrogen-
bonding motif involving back-folded OEG side chains was
acquired from the current study. It was uncovered that a
single hydrogen-bond acceptor was sufficient to effect back-
folding of the side chain; the additional oxygen atoms in the
OEG unit did not improve the hydrogen-bond stability. No
direct evidence for bifurcated hydrogen bonds was obtained.
This was different from an independently studied hydrogen

bond that also involved back-folded OEG chains.[13] The
combined results thus implied that subtle structural varia-
tions may completely alter the hydrogen-bonding motif and
its properties.
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