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ABSTRACT: A stereoregular poly(phenylacetylene) derivative bearing a sulfonic acid residue (poly-1) as the

pendant was found to form a predominantly one-handed helix upon complexation with various chiral amines through

noncovalent acid-base interactions in dimethyl sulfoxide (DMSO). In sharp contrast to analogous poly(phenylacety-

lene)s bearing relatively weak carboxy and phosphonic acid residues as the pendants, the poly-1–amine complexes ex-

hibited a weak induced circular dichroism (ICD) in the UV-visible region of the polymer backbone. However, in the

presence of a strong acid, such as p-toluenesulfonic acid (TosOH), the ICD intensity significantly increased, resulting

from a favorable ion pair formation between the sulfonic acid residues of the poly-1 and chiral amines, leading to an

increase in the helical sense excess of poly-1. Moreover, the macromolecular helicity of poly-1 induced by chiral

amines in the presence of TosOH was ‘‘memorized’’ after the chiral amines and their salts were completely removed

and replaced with an achiral diamine, i.e., ethylene diamine, in DMSO, while no memory effect was observed for a

helical poly-1 induced by the same chiral amines in the absence of TosOH. [doi:10.1295/polymj.PJ2006028]
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Constructing artificial helical polymers1–13 and oli-
gomers (foldamers)14–18 or supramolecular helical as-
semblies19–25 with controlled helicity has attracted sig-
nificant interest in recent years in the fields of polymer
and supramolecular chemistry because of their poten-
tial applications for novel chiral materials. In a series
of our studies, we reported the helicity induction
in optically inactive, cis-transoidal poly((4-carboxy-
phenyl)acetylene) (PCPA),26–29 poly((4-phosphono-
phenyl)acetylene) (PPPA),30–32 and poly(ethyl(4-ethy-
nylphenyl)phosphonate) (PEPPA)30,31,33,34 (Figure 1)
with chiral amines in dimethyl sulfoxide (DMSO) and
some amino acids in water. The complexes exhibited
an induced circular dichroism (ICD) in the UV-visible
region of the polymer backbones due to the pre-
dominantly one-handed helical structures. PPPA and
PEPPA with phosphonic acid residues more acidic

than the carboxy groups of PCPA responded to chiral
amines more efficiently than PCPA and exhibited
more intense ICDs.29,31 Moreover, the induced macro-
molecular helicity in PCPA upon complexation with
optically active amines can be ‘‘memorized’’ after the
optically active amines are completely replaced with
achiral monoamines and amino alcohols.35–38 The
mechanism of the helicity induction and the memory
of the helical chirality of PCPA have been investigat-
ed in detail by UV-visible, CD, and IR spectroscopies,
and the following conclusions were drawn: 1) the ion
pair formation between the carboxy groups of PCPA
and chiral amines is essential for the helicity induction
in one-handedness excess, and 2) the electrostatic re-
pulsion between the neighboring carboxylate groups
of PCPA arising from the dissociation of the ion
pairs plays a central role for the macromolecular hel-
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Figure 1. Structures of poly(phenylacetylene)s bearing acidic functional groups as the pendants.
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icity memory of PCPA in DMSO.36 Recently, a simi-
lar macromolecular helicity memory has also been
attained in PPPA and PEPPA. However, achiral dia-
mines or oligoamines instead of achiral monoamines
were indispensable for the memory of the macromo-
lecular helicity in PPPA and PEPPA as chaperoning
molecules.31

In this study, we investigated if a similar helicity in-
duction and memory of the helicity could be possible
for an analogous cis-transoidal poly(phenylacetylene)
bearing a sulfonic acid residue (poly-1) as the pendant
(Figure 1) in DMSO. The results are compared with
the previously reported helicity induction and memory
effect of PCPA, PPPA, and PEPPA. Poly-1 has a more
acidic sulfonic acid group than the carboxy group of
PCPA and phosphonic acid residues of PPPA and
PEPPA, so that helicity induction may more efficient-
ly occur in poly-1, resulting in more intense ICDs
in its polymer backbone region. Recently, we sys-
tematically investigated the helicity induction in
cis-transoidal poly(phenylacetylene)s bearing various
acidic functional groups as the pendants (PCPA,
PPPA, PEPPA, and poly-1) (Figure 1) in the presence
of optically active amino acids and amines in water
using CD spectroscopy and potentiometric pH titra-
tions in order to propose the helicity induction mech-
anism in the polyelectrolytes in water.29 However,
the helicity induction in poly-1 and its macromolecu-
lar helicity memory in organic solvents have not yet
been reported.

EXPERIMENTAL

Materials
Anhydrous DMSO (water content < 0.005%) was

purchased from Aldrich and stored under nitrogen.
(R)- and (S)-1-(1-Naphthyl)ethylamine ((R)-2, (S)-2)
and (R)-1-phenylethylamine ((R)-3) were kindly sup-
plied from Yamakawa Chemical (Tokyo, Japan), dis-
tilled under reduced pressure. (S)-(+)-sec-Butylamine
((S)-5) was obtained from Aldrich and distilled under
reduced pressure. (1R,2S)-Norephedrine ((1R,2S)-8)
was obtained from Aldrich and used as received. 2-
Aminoethanol (13) (Kishida, Osaka, Japan) and ethyl-
enediamine (15) (Tokyo Kasei (TCI), Tokyo, Japan)
were dried over calcium oxide and potassium hydrox-
ide, respectively, and distilled under reduced pressure.
n-Butylamine (14) (Kishida) was dried over calcium
hydride and distilled under nitrogen. These amines
were stored under nitrogen. Other achiral amines were
available from Aldrich or TCI. p-Toluenesulfonic
acid (TosOH) was purchased from TCI and used as
received.
Cis-transoidal poly-1 was prepared by polymeriza-

tion of ammonium 4-ethynylbenzenesulfonate with

[Rh(cod)2]BF4 (cod = cyclooctadiene) in water at
30 �C, followed by treatment with 2N HCl aq (86%
yield) according to the previously reported method.29

The stereoregularity of the poly-1 was confirmed to
be a highly cis-transoidal by NMR spectroscopy.39–43

The number-average molecular weight (Mn) and mo-
lecular weight distribution (Mw=Mn) of poly-1 were
9:5� 104 and 5.6, respectively, as determined by size-
exclusion chromatography (SEC) using poly(ethylene
oxide) and poly(ethylene glycol) standards in water–
acetonitrile (4/1, v/v) containing 0.16M sodium ni-
trate as the eluent.29

Spectroscopic data of poly-1: IR (KBr, �): 1168 and
1036 (S=O) cm�1. 1H NMR (500MHz, D2O, 80

�C):
� 5.91 (s, =CH, 1H), 6.71 (s, aromatic, 2H), 7.61 (s,
aromatic, 2H). Anal. Calcd for (C8H6O3S.13/5H2O)n:
C, 41.95; H, 4.93. Found: C, 41.98; H, 4.76.

Instruments
NMR spectra were measured on a Varian VXR-

500S (500MHz for 1H) spectrometer in D2O using
acetone as the internal standard. IR spectra were re-
corded using a Jasco Fourier Transform IR-620 spec-
trophotometer (Jasco, Hachioji, Japan). Absorption
and CD spectra were taken on a Jasco V-570 spectro-
photometer and a Jasco J-725 spectropolarimeter,
respectively, in a 1.0 or 10mm quartz cell. The con-
centration of poly-1 was calculated based on the
monomer units, and was corrected using the " (molar
absorptivity) of poly-1 ("400 ¼ 2840 cm�1 M�1) in
DMSO. SEC was performed using a Jasco PU-980
liquid chromatograph equipped with a UV-visible
(254 nm; Jasco UV-970) detector at 40 �C. A Tosoh
TSKgel SUPER AWM-H column (15 cm) was con-
nected and water–acetonitrile (4/1, v/v) containing
sodium nitrate (0.16M) was used as the eluent at a
flow rate of 0.5mL/min. The molecular weight cali-
bration curve was obtained with poly(ethylene oxide)
and poly(ethylene glycol) standards (Tosoh).

CD Measurements
A typical experimental procedure is described be-

low. Stock solutions of poly-1 (2mg/mL, 10.9mM),
(R)-2 (1.09M), and TosOH (1.09M) in DMSO
were prepared. A 500 mL aliquot of the stock solu-
tion of poly-1 was transferred to a vessel equipped
with a screwcap using a micropipette (Mettler-Toledo
GmbH, Switzerland). To the vessel was added 250 mL
aliquots of the stock solutions of (R)-2 and TosOH
([(R)-2]/[poly-1] = 50, [TosOH]/[(R)-2] = 1) and
the CD and absorption spectra were measured.

Memory of Macromolecular Helicity: SEC Fractiona-
tion of Induced Helical Poly-1
A typical experimental procedure is described be-
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low. Stock solutions of poly-1 (2mg/mL, 10.9mM),
(1R,2S)-8 (109mM), and TosOH (152mM) in DMSO
were prepared. A 500 mL aliquot of the sock solution
of poly-1 was transferred to a vessel equipped with
a screwcap, and to this were added 250mL aliquots
of the stock solutions of (1R,2S)-8 and TosOH
([(1R,2S)-8]/[poly-1] = 5, [TosOH]/[poly-1] = 7).
The initial CD and absorption spectra were taken us-
ing a 1.0 cm quartz cell. SEC fractionation was per-
formed using a Jasco PU-980 liquid chromatograph
equipped with a UV (260 nm; Jasco UV-970) detector.
A Shodex KF-806L SEC column (30 cm) was con-
nected, and 0.3M of 15 in DMSO was used as the
mobile phase at a flow rate of 1.0mL/min. Before
SEC fractionation, a 400 mL aliquot of the poly-1–
(1R,2S)-8 complex solution was transferred to a vessel
equipped with a screwcap, and to this was added
7.4mL of 15 ([15]/[poly-1] = 50). The CD and ab-
sorption spectra of the solution before SEC frac-
tionation were measured in a 1-mm quartz cell. One
hundred microliter of the solution of the poly-1–
(1R,2S)-8 complex with excess 15 was injected to
the SEC system. The poly-1 complexed with 15,
TosOH, and (1R,2S)-8 were separately eluted and
the poly-1 fraction was collected. The CD and absorp-
tion spectra of the fractionated poly-1 were measured
in a 10.0mm quartz cell. The recovery of (1R,2S)-8
was estimated from the peak area of the SEC chart de-
tected by UV (260 nm) on the basis of the calibration
curve, which was obtained from standard solutions
of (1R,2S)-8 with TosOH. The standard solutions
of (1R,2S)-8 with TosOH were prepared as follows.
Stock solutions of (1R,2S)-8 (109mM) and TosOH
(152mM) in DMSO were prepared. Aliquots 150,
200, 250, 300, 350 mL of the stock solution of (1R,2S)-
8 were transferred to five 1-mL flasks equipped with
stopcocks using a micropipette. To these flasks was
added 250 mL of the stock solution of TosOH, the
resulting solutions were diluted with DMSO to the
mark ([(1R,2S)-8] = 16.4, 21.9, 27.4, 32.8, 38.3mM).
The five standard solutions of (1R,2S)-8 with TosOH
were then injected to the SEC system and the calibra-
tion curve was obtained by plotting the peak area
due to (1R,2S)-8 in the SEC charts detected by UV
(260 nm) against the (1R,2S)-8 concentrations of the
standard solutions.

RESULTS AND DISCUSSION

Helicity Induction in Poly-1 with Chiral Amines
Figure 2A shows the typical CD and absorption

spectra of poly-1 in the presence of (R)- and (S)-2
([2]/[poly-1] = 50) in DMSO. The complexes exhib-
ited mirror images of the split-type ICDs in the UV-
visible region of the polymer main chain due to the

formation of a predominantly one-handed helical con-
formation. The CD titration using (R)-2 showed that
the magnitude of the ICD gradually increased with
an increase in the concentration of (R)-2 and reached
an almost constant value in the presence of about 30
equiv. of (R)-2 (Figure 2B). However, the ICD inten-
sity slightly decreased with a further increase in the
concentration of (R)-2. The ICD intensity of the
poly-1–(R)-2 complex corresponding to an excess of
a single-handed helix of the polymer backbone was
very weak compared with those of PCPA, PPPA,
and PEPPA induced by (R)-2; the second Cotton
intensities (�"2nd) of the complexes of PCPA, PPPA,
and PEPPA with (R)-2 in DMSO were �9:27, þ11:2,
and þ16:9 ([(R)-2]/[PCPA or PPPA] = 50 and [(R)-
2]/[PEPPA] = 10), respectively.27,31

In the acid-base complexation of poly-1 with chiral
amines in DMSO, there exist equilibria between the
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Figure 2. (A) CD spectra of poly-1 (1.0mg/mL) with (R)-

(a,c) and (S)-2 (b) ([2]/[poly-1] = 50) in the absence (a,b) and
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ambient temperature (24–26 �C). Absorption spectra of poly-1

with (R)-2 in the absence (d) and presence of TosOH (e) in DMSO

at ambient temperature (24–26 �C) are also shown. (B) Changes in

the ICD intensity (�"2nd) of poly-1 (1.0mg/mL) versus the con-

centration of (R)-2 in DMSO at ambient temperature (24–26 �C).
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free acid and base, the ion pair, and the free ions as
shown in Scheme 1.27,36,44–46 Among these three spe-
cies, the ion pair formation is essential for the helicity
induction in one-handedness excess, resulting in the
appearance of an intense ICD in the polymer back-
bone as reported for PCPA with chiral amines.36

The pendant sulfonic acid of poly-1 is more acidic
than the carboxylic acid of the PCPA and phosphonic
acid of the PPPA and PEPPA. The pKa values of ben-
zoic acid, phenylphosphonic acid, phenylphosphonic
acid monomethyl ester, and phenylsulfonic acid as
model compounds of PCPA, PPPA, PEPPA, and poly-
1 are 4.19,47 1.83 (pKa1) and 7.07 (pKa2),

48 2.97,49

and 0.7,47 respectively. Therefore, in the poly-1–chiral
amine complexation, the free ions (sulfonate and am-
monium ions) should be predominant in DMSO,50–52

and the dissociated free ions derived from a chiral
amine (R)-2 could not effectively interact with
poly-1, thus showing a very weak ICD (a and b in
Figure 2A).
However, as previously reported,36 the addition of a

common salt of (R)-2, such as (R)-2.TosOH, is ex-
pected to suppress the dissociation of the ion pair into
the free ions, resulting in an increase in the ICD inten-
sity (Scheme 1). TosOH was then added to the poly-
1–(R)-2 complex ([(R)-2]/[polymer] = 50) in DMSO
showing a weak ICD (�"2nd ¼ �1:4). As expected,
the ICD intensity dramatically increased with the
increasing amount of the TosOH (Figure 3) and
reached a maximum value (�"2nd ¼ �10:6) at around
[TosOH]/[(R)-2] = 1 (c in Figure 2A). The further

addition of TosOH ([TosOH]/[(R)-2] � 1.5) resulted
in a decrease in the ICD intensity, probably because
the excess free TosOH may prevent the interaction
between poly-1 and (R)-2.
Poly-1 responded to other chiral amines and amino

alcohols (Figure 4) and the complexes exhibited sim-
ilar ICDs in their patterns (Table I). In most cases, the
ICD magnitudes increased in the presence of TosOH
([TosOH]/[amines] = 1), but their increments were
significantly dependent on the structures of the chiral
amines and amino alcohols. In particular, the change
was remarkable for chiral amines with a bulky sub-
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Scheme 1. Schematic illustration of one-handed helicity induction in poly-1 upon complexation with an optically active amine ((R)-2)

in the presence of an achiral strong acid (TosOH).
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stituent at the �-position of the amino group (2–4, 7,
and 11) by the addition of TosOH, whereas the less
bulky 5 and 9 showed almost no change in their ICDs
with TosOH. In addition, the bulky aromatic amino al-
cohols (6, 8, and 11) tended to show relatively intense
ICDs in the absence and presence of TosOH (Table I).
The cooperative hydrogen bond formation of the
hydroxy group with a sulfonic acid residue of poly-1
as well as the acid-base interaction may play a role.
As for the relationship between the induced Cotton
effect signs for poly-1 and the absolute configura-
tions of the amines and amino alcohols tested in this

study, there is no clear relation, although the primary
amines (2–5) and amino alcohols (6–11) of the same
configuration gave the same Cotton effect signs for
PCPA,26,27 PPPA,31 and PEPPA31 in DMSO except
for 10 for PPPA.

Memory of the Macromolecular Helicity of Poly-1
As described above, the induced macromolecular

helicity in PCPA, PPPA, and PEPPA upon complexa-
tion with the optically active amines, such as (R)-2,
can be ‘‘memorized’’ by replacing (R)-2 with various
achiral amines and amino alcohols for PCPA35–38

and diamines for PPPA and PEPPA31 in DMSO. We
applied this methodology to poly-1 and investigated
if a similar macromolecular helicity memory could
be possible for the analogous stereoregular poly-1
bearing a more acidic sulfonic acid residue as the
pendant.
The chiral amino alcohol 8 was selected as a helix

inducer because a relatively small amount of 8 ([8]/
[poly-1] = 5) was enough to induce a greater excess
of a single-handed helix regardless of the presence
of the common salt, while a large excess amount of
(R)-2 ([8]/[poly-1] > 30) together with the common
salt was required to produce as intense an ICD as
that with 8. As achiral amines for the memory ex-
periments, 2-aminoethanol (13), n-butylamine (14),
and ethylenediamine (15) (Figure 5) were selected be-
cause these were good chaperoning molecules to as-
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Figure 4. Structures of optically active amines (2–5) and amino alcohols (6–12).

Table I. Difference in exciton coefficient of the second Cotton

(�"2nd) for the complexes of poly-1 with chiral amines and amino

alcohols in DMSO in the presence and absence of TosOHa

Second Cotton [� (nm) and �"2nd (M�1 cm�1)]

Before addition of TosOH After addition of TosOH

Amines Sign �"2ndð�Þ Sign �"2ndð�Þ
(R)-2 � 1.4 (363) � 10.6 (366)

(S)-2 þ 1.4 (365) þ 10.6 (366)

(R)-3 � 3.8 (366) � 12.5 (366)

(R)-4 � 4.1 (367) � 6.9 (367)

(S)-5 � 4.7 (365) � 4.9 (365)

(S)-6 � 7.0 (366) � 8.8 (366)

(R)-7 � 3.1 (368) � 5.8 (368)

(1R,2S)-8 � 9.9 (365) � 11.4 (366)

(1S,2R)-8 þ 10.8 (366) þ 11.4 (366)

(S)-9 þ 0.8 (368) þ 0.6 (369)

(S)-10 þ 4.0 (365) þ 6.2 (366)

(1R,2S)-11 � 4.5 (366) � 8.5 (366)

(S)-12 � 0.7 (363) � 1.4 (366)

aAll spectra were measured at ambient temperature (ca.

24–26 �C) with a poly-1 concentration of 1.0mg/mL. The

molar ratios of amines and TosOH to monomer units of

poly-1 are 50.
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Figure 5. Structures of achiral amines (13–15).
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sist in the memory of the macromolecular helicity of
PCPA (13 and 14)35–38 and PPPA or PEPPA (15).31

First, we added an excess amount of achiral amines
(13–15) ([13–15]/[poly-1] = 50) to the poly-1–
(1R,2S)-8 complex ([(1R,2S)-8]/[poly-1] = 5) in
DMSO in order to check if the macromolecular hel-
icity of the poly-1 induced by (1R,2S)-8 could be
retained after (1R,2S)-8 is replaced by the achiral
13–15. The ICD of the poly-1–(1R,2S)-8 complex
(�"2nd ¼ �8:2) instantly disappeared after the addi-
tion of the achiral 13–15, suggesting that the helicity
of poly-1 induced by (1R,2S)-8 could not be main-
tained at all by 13–15. Previously, we reported that
PCPA and chiral amines could be complexed more ef-
ficiently through ion pairing in the presence of the
common salts of the chiral amines, and the memory
efficiency significantly improved when the replace-
ment of the chiral amine with achiral amines was per-
formed in the presence of the common salts of the
chiral amines.36 We then carried out the addition ex-
periments described above in the presence of the com-
mon salt, (1R,2S)-8.TosOH. The poly-1–(1R,2S)-8
complex containing TosOH ([(1R,2S)-8]/[polymer]/
[TosOH] = 5/1/5) in DMSO showing a slightly more
intense ICD (�"2nd ¼ �9:7) than that in the absence
of TosOH were prepared. An apparent ICD signal
(�"2nd ¼ �3:3) was still observed even after the addi-
tion of an excess amount of 15 ([15]/[poly-1] = 50),
while the addition of 13 and 14 resulted in the com-
plete disappearance of the ICD. These results suggest
that the macromolecular helical chirality of poly-1 in-
duced by (1R,2S)-8 in the presence of the common
salt would be maintained by the diamine 15, although
achiral monoamines 13 and 14 were not effective for
the memory of the induced macromolecular helicity of
poly-1. A similar structural effect of the achiral dia-
mines was observed for the memory of the induced
helical PPPA and PEPPA.31 We then investigated
the effect of the concentration of TosOH on the effi-
ciency of the macromolecular helicity memory. The
best result was obtained when the molar ratio of
TosOH to the monomeric units of poly-1 was around
7-8, where the �"2nd value of the poly-1 after the ad-
dition of the excess amount of 15 was�5:4 (Figure 6).
In order to obtain concrete evidence for the macromo-
lecular helicity memory, we isolated the poly-1 from
the poly-1–(1R,2S)-8 complex with TosOH and ex-
cess 15 ([poly-1]/[(1R,2S)-8]/[TosOH]/[15] = 1/5/
7/50) by SEC using a DMSO solution containing
0.3M 15 as the mobile phase in a similar way as
previously reported for the memory experiments of
PCPA, PPPA, and PEPPA.31,35–38 The poly-1 eluted
first, followed by the TosOH, then (1R,2S)-8, and they
were completely separated. The poly-1 fraction was
collected and subjected to CD and absorption meas-

urements. On the basis of the calibration curve ob-
tained from the standard solutions of (1R,2S)-8 with
TosOH, more than 99% of the (1R,2S)-8 was removed
from the poly-1. On the basis of the ratio of the ICD
intensities of the second Cotton effect (�"2nd) of
the poly-1 before (a) and after (b) the SEC fractiona-
tion, the memory efficiency was estimated to be 53%
(Figure 7).
The macromolecular helicity memory of poly-1 as-

sisted by the interaction with an achiral diamine 15
lasted for over six months as observed for the helical
PCPA, PPPA, and PEPPA with a helicity memory af-
ter the SEC fractionation,31,35–38 but the memory grad-
ually declined with time at ambient temperature (20–
25 �C) and the ICD intensity of the fractionated poly-1
showed a decrease of about 20% at room temperature
after 185 d. The stability of the memory was highly
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15 (0.3M) as the mobile phase (b), in DMSO at ambient temper-

ature (24–26 �C).
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dependent on the concentration of the salts and the de-
creasing rate was accelerated in the presence of the
common salts; the ICD completely disappeared after
12 h in the presence of 15.TosOH ([15.TosOH] =
2.5mM). As already described, the dissociation of
the ion pairs into free ions is suppressed in the pres-
ence of the common salt. Therefore, this result sug-
gests that the intramolecular electrostatic repulsions
between the neighboring sulfonate groups play an im-
portant role in the maintenance of the helical chirality
of poly-1 in accordance with the previous results.36 As
described above, achiral monoamines, such as 13 and
14, were not effective for the memory of the induced
helical structures of poly-1, and the achiral diamines
are necessary for the memory effect in poly-1. There-
fore, the bidentate ion-paired electrostatic interac-
tions between the neighboring sulfonate groups of
the polymers and the diammonium moieties are also
essential for the memory in poly-1 as well as in PPPA
and PEPPA.31

CONCLUSION

In summary, we have found that a poly(phenylace-
tylene) derivative bearing a sulfonic acid residue as
the pendant can form a predominantly one-handed
helical conformation upon complexation with various
chiral amines and amino alcohols through noncova-
lent acid-base interactions in DMSO. Moreover, the
induced macromolecular helicity of poly-1 could be
memorized by replacement of a chiral amine with
an achiral diamine. In sharp contrast to the similar hel-
icity induction and memory of poly(phenylacetylene)s
bearing carboxy and phosphonic acid residues as the
pendants, the presence of the common salt of the
chiral amines was required for the effective helicity
induction and the memory of poly-1 in DMSO due
to the highly acidic sulfonate groups of poly-1 which
favorably dissociate into free ions in DMSO in the ab-
sence of common salts. The present results indicate
that a similar helicity induction and subsequent mem-
ory may be possible for other dynamic helical poly-
mers53–61 including polyacetylenes62–69 bearing acidic
or basic functional groups by the precise control of
their ion pair formation and dissociation into free ions
in solutions, respectively.
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