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ABSTRACT: The temperature dependence of side-chain chromophore orientation and excimer formation
in diastereomeric poly[N5-(R and S)-1-(1-pyrenyl)ethyl-L-glutamines] (1 and 2) was examined in DMAc
using circular dichroic (CD) and fluorescence spectroscopy. In comparison with 1, 2 afforded CD spectra
suggesting a better controlled pyrene chromophore orientation. It, however, gave a stronger excimer
fluorescence. Assuming that a major portion of excimers are formed in the portions of the polymer where
the side chains are disordered, the ratios of ordered side chains to disordered side chains, i.e., the
equilibrium constants between the two side-chain structures, were evaluated from fluorescence decay
analysis. The equilibrium constants were found to be consistently smaller for 2 than for 1 in the
temperature range examined. The stronger excimer emission observed with 2 is thus suggested due to
the larger content of disordered side chains in 2 despite the better controlled chromophore orientation in
its ordered side chains. This is consistent with the lower activation energy of excimer formation estimated
for 2. The molar ellipticities of the ordered and disordered side chains were evaluated from the observed
CD and the equilibrium constants. The possible ordered side-chain structures of 1 and 2 were explored
by molecular mechanics calculations as well as theoretical CD calculations based on the low-energy
conformations obtained thereby.

Introduction

The crystal structure of the photosystem in photo-
synthetic bacteria has been revealed by X-ray crystal
analysis, showing that the arrangement of the light-
harvesting antenna pigments is highly controlled by
polypeptide frameworks so as to bring rapid and ef-
ficient excitation energy transport to the photochemical
reaction center.1-3 Polypeptides may thus be considered
as promising molecular frameworks to arrange photo-
functional chromophores in artificial photosynthesis and
other photoelectronic processes.4-8 If the orientation of
the chromophores in the side chains of a helical polypep-
tide is highly controlled, we would have “molecular
wires” capable of efficiently transporting excitation
energy along the polymer backbone.9-15

In the previous studies, we prepared poly(L-glutamines)
having naphthalene and pyrene chromophores in the
side chains, i.e., poly[N5-(R and S)-1-(1-naphthyl)ethyl-
L-glutamines],7,16 poly[N5-1-naphthylmethyl-L-gluta-
mine],16 and poly(N5-1-pyrenylmethyl-L-glutamine),17

and examined their side-chain chromophore orientation
along the helical main chain by CD and fluorescence
spectroscopy. Examining the CD signals in relation to
the side-chain chromophore structure, we concluded
that the chirality in the side chain, i.e., introduction of
methyl groups near the chromophores, and the bulki-
ness of the chromophore itself contribute greatly to the
side-chain chromophore orientation and suppression of
excimer formation in poly(L-glutamines). More recently,

we examined poly[N5-(R and S)-1-(1-pyrenyl)ethyl-L-
glutamines] (1 and 2) and further confirmed the impor-

tance of the specific steric interactions among the bulky
chiral side chains in controlling side-chain orienta-
tion:18 2 was found to give strong CD signals, indicative
of highly controlled chromophore orientation, whose
intensities increase as the solvent is changed from
DMAc to THF. 1, on the other hand, changed the signs
of relatively weak CD signals upon the solvent change,
suggesting that chromophore orientation of 1 is not as
firmly controlled as that of 2. 2, however, showed
stronger excimer emission than 1 in both solvents.
(Intense excimer emission is attributed either to a large
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Scheme 1. Polymers and Low-Molecular-Weight
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number of excimer forming sites where two pyrene
chromophores are situated in close proximity to each
other with a suitable geometry for excimer formation
or to efficient excitation energy transport among pyrene
chromophores to those sites.)

In the present study, we examined the CD and
fluorescence spectra of 1 and 2 in DMAc as a function
of temperature so as to gain further insight into the
control of chromophore orientation along the helical
main chain. We also carried out molecular mechanics
calculations to examine the side-chain chromophore
orientation in the ordered side chains of 1 and 2
(Scheme 1). We are particularly interested in how the
hydrogen-bonding interactions among the side-chain
and main-chain amide groups contribute to control of
side-chain chromophore orientation.

Experimental Section
Materials. Racemic 1-(1-pyrenyl)ethylamine was synthe-

sized from 1-acetylpyrene, formic acid, and formamide using
the Leuckart reaction.19 Optical resolution was accomplished
by repeated crystallization of salts formed with d- or l-tartaric
acid.20 The optical purity was checked by 1H NMR in the
presence of 2 equiv of (R)-1,1′-bi-2-naphthol in CDCl3.21 The
absolute configuration of (R)-1-(1-pyrenyl)ethylamine was
established by X-ray crystal structural analysis of its am-
monium salt single crystal formed with (1S)-10-camphorsul-
fonic acid. The analysis was carried out by the direct method,22

expanded by Fourier techniques23 and refined by the full-
matrix least-squares method, where the final R and Rw were
0.058 and 0.057 for 2055 reflections, indicating a space group
P21 with a ) 9.980(9) Å, b ) 7.735(2) Å, c ) 16.16(1) Å, â )
91.41(5)°, V ) 1246(1) Å3, Z ) 2, Dcalc ) 1.272 g/cm3, and µ(Cu
KR) ) 1.64 cm-1. The optical rotation ([R]25

D) of (R)-1-(1-
pyrenyl)ethylamine and that of (S)-1-(1-pyrenyl)ethylamine
were +82.1 (c ) 0.84 g dL-1) and -81.8° (c ) 0.90 g dL-1) in
THF, respectively.

1 and 2 were prepared from poly(L-glutamic acid) (DP 385,
Aldrich Co.) and (R)- and (S)-1-(1-pyrenyl)ethylamines with
an amine to carboxylic acid molar ratio of 2 using N,N-

dicyclohexylcarbodiimide and 1-hydroxybenzotriazole as con-
densing agents as previously described.7,17 Full derivatization
of the side-chain carboxyl groups was confirmed by 500 MHz
1H NMR in DMSO-d6 at 120 °C as shown in Figure 1. The DP
70 samples were similarly prepared for IR measurements. The
monomeric model compounds, N-(R and S)-1-(1-pyrenyl)-
ethylacetamides (3 and 4), were prepared from the correspond-
ing amines and acetyl chloride in THF.

Measurements. 1H NMR spectra were measured using a
JEOL LA-500 MHz spectrometer. X-ray crystallographic analy-
sis was carried out on a Rigaku RAXIS-II diffractometer with
graphite monochromated Mo KR radiation. Optical rotations
were recorded on a JASCO DIP-370 polarimeter. UV and
steady-state fluorescence spectra were recorded on a Hitachi
U-3210 spectrophotometer and on a Hitachi F-4010 fluores-
cence spectrophotometer, respectively. CD spectra were mea-
sured on a JASCO J-820 circular dichrograph.

IR spectra were recorded on a JASCO JIR-7000 FT-IR
spectrophotometer. Curve fitting was performed with the peak
fitting module of Origin software (Microcal Software, Inc., New
York). The Voigt function, a sum of Gaussian and Lorentzian
band shapes, was used as a fitting function.

Fluorescence decays were measured by time-correlated
single photon counting using an IBH 5000U spectrophotom-
eter. The decays of emission, monitored at 377 nm, were fitted
with double-exponential functions, i.e., IM(t) ) A1 exp(-t/τM1)
+ A2 exp(-t/τM2). In all cases, the dynamic range used in fitting
was set to 50. The decays at 40 °C and their fitting to double-
exponential functions are shown in Figure 2. The decay
parameters at various temperatures are given in Table 1. The
fits, except those of 2 at 20 and 50 °C, are regarded reasonable
as judged from the ø2 values.

Molecular Mechanics Calculations. Molecular mechan-
ics calculations were carried out by employing the same
procedure as described for poly(N5-1-pyrenylmethyl-L-gluta-
mine).17 Initially, the low-energy conformations for the respec-
tive polymer were explored using the PEPCON program,24 in
which the dihedral angles of the main chain were fixed at those
of the right-handed R-helix (φ ) -62.5°, ψ ) -42.3°, and ω )
180°)25 and that of ø4 at 180° while ø1, ø2, ø3, ø5, and ø6 (Scheme
2) were varied with 30° intervals assuming all the monomer
units have a common conformation. The first 100 low-energy

Figure 1. 500 MHz 1H NMR spectrum of 2 in DMSO-d6 at 120 °C.
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conformations thus obtained were optimized with respect to
ø1, ø2, ø3, ø5, and ø6. They afforded 25 low-energy conformations
for 1 and 21 of those for 2. When the 40-mers of these
conformations were subjected to full optimization with respect
to all the structural parameters using the CAChe MM2
program,26 they converged to six and seven low-energy con-
formations for 1 and for 2, respectively (Tables 2 and 3). When
a periodicity emerged among the conformations of the side
chains, the monomer units which compose the periodicity were
treated as a repeating unit, polymerized, and optimized
further. The secondary hydrogen bonds in three-center hydro-
gen bonding in R-helical main chain, i.e., the i/(i + 3) main-
chain hydrogen bonds formed between the ith and (i + 3)th
monomer units,27 as evaluated by the MM2 calculations, have

an average H‚‚‚O distance of 2.3 Å and average N-H‚‚‚O and
H‚‚‚OdC angles of 115 and 95°, as compared with the
corresponding values of 2.1 Å, 145°, and 145° for the primary
i/(i + 4) main-chain hydrogen bonds. In the case of the
secondary hydrogen bonds in “multicenter” hydrogen bonding
involving side-chain amide groups, the corresponding values
are 2.6 ( 0.3 Å, 120 ( 30°, and 120 ( 30°.

Theoretical CD Calculations. Theoretical CD calcula-
tions28 were carried out as described previously.17 In the
present study, the 1La and 1Bb absorptions bands were decon-
voluted into vibronic peaks. Each vibronic peak was regarded
as a separate transition and fitted with a Gaussian function.
The magnitude of the transition moment for each vibronic peak
was determined as described in the literature,28 its direction
being assumed to be common among all the vibronic peaks in
the same absorption band.29-31 The mutual orientation of the
transition moments of the neighboring pyrene groups and their
positions were determined from the geometries obtained by
the molecular mechanics calculations. Only the interactions
between the like transitions were taken into consideration and
the overall CD was estimated as a sum of exciton interactions
between various pairs of pyrene groups.

Results and Discussion

Temperature Dependence of CD Spectra. In
Figure 3 are shown the CD spectra of 1 and 2 in DMAc
as a function of temperature. As previously noted, the
CD signals of 1 and 2 in the pyrene absorption bands,
except that of 1 in the 1Bb band, are much stronger than
those of corresponding monomeric model compounds
and show splitting indicative of positive exciton coupling
among the side-chain pyrene chromophores. The CD
signal of 1 in the 1Bb band is virtually identical to that
of the monomeric model compound, apparently reflect-
ing only the local chirality in the individual side chain.
The weaker CD signals in the 1La band as well as the
absence of exciton coupling in the 1Bb band suggests that
the pyrene chromophore orientation of 1 is not as well
controlled as that of 2.

The CD spectra of 1 and 2 showed monotonic increase
in intensity upon cooling from 80 to 0 °C. (Contrary to
our expectation, 1 did not change signs of CD signals
as observed upon change of solvent from DMAc to
THF.18) These changes were reversible. Since we can
expect that the main chain takes helical conformation
under the present conditions,7 the increased CD intensi-
ties at lower temperatures may be attributed to the
increased population of the ordered side chains. Assum-
ing that equilibrium is established between the disor-
dered and ordered side chains, we have

Figure 2. Decays of monomer emission from 1 and 2
monitored at 377 nm in DMAc at 40 °C. λex ) 282 nm; [Py] )
2.0 × 10-5 M. The decays are fitted as follows. 1: IM(t) ) 0.156
exp(-t/3.56 ns) + 0.0409 exp(-t/11.7 ns) ø2 ) 1.134. 2: IM(t)
) 0.161 exp(-t/3.29 ns) + 0.0353 exp(-t/11.9 ns) ø2 ) 1.159.

Table 1. Fluorescence Decay Parameters of 1 and 2

sample temp (°C) A1 τM1(ns) A2 τM2(ns) ø2 A2/A1

1 20 0.114 5.7 0.064 16.0 1.358 0.56
30 0.135 4.5 0.052 13.4 1.396 0.39
40 0.156 3.6 0.041 11.7 1.134 0.26
50 0.174 2.9 0.035 10.6 1.265 0.20
60 0.189 2.4 0.032 9.9 1.162 0.17

2 20 0.134 5.1 0.049 15.9 1.631 0.37
30 0.140 4.0 0.045 12.9 1.130 0.32
40 0.161 3.3 0.035 11.9 1.159 0.22
50 0.178 2.5 0.035 10.4 1.481 0.20
60 0.180 2.2 0.029 10.5 1.316 0.16

Scheme 2. Definition of Dihedral Angles

K ) [ordered side chains]/[disordered side chains] )
exp(-∆H°/RT + ∆S°/R) (1)
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where ∆H° and ∆S° are the enthalpy and entropy
differences between the disordered and ordered side
chains. The molar ellipticity at a particular wavelength
(347 nm) at each temperature [θ]observed will then be
given as

where x is the fraction of the ordered side chains, i.e., x
) K/(1 + K), and [θ]ordered and [θ]disordered are the molar
ellipticities for the ordered side chains and for the

disordered side chains, respectively. Equilibrium con-
stant K at each temperature is estimated from fluores-
cence decay measured in DMAc at each temperature,
i.e., from 20 to 60 °C. The decay of 377 nm pyrene
emission can be fitted with a double exponential decay
function, suggesting that each polymer has two kineti-
cally distinct excited pyrene species at each tempera-
ture.10 (As seen later, dissociation of excimers to excited
and ground-state pyrene monomers apparently does not
occur in the temperature range examined. Excimer
emission decays with a common lifetime of 32 ns with
a rise for 2 faster than for 1.) The excited pyrene
chromophores in disordered side chains would have a
shorter lifetime as they would easily form excimers. We
thus assign the shorter lifetime component τM1 to the
pyrene chromophores in the disordered side chains and
the longer lifetime component τM2 to those in the ordered
side chains. K at each temperature is thus estimated
as the ratio of the preexponential factors, i.e., A2/A1
(Table 1). 2 is shown to have a smaller K and thus a
smaller fraction of ordered side chains than 1 in the
temperature range examined. The plots of ln K against
1/T gave straight lines as shown in Figure 4, allowing
one to evaluate ∆H° and ∆S° from the slopes and
intercepts. ∆H° and ∆S° are -5.9 kcal/mol residue and
-21 cal/K/mol residue for 1 and -4.4 kcal/mol residue
and -17 cal/K/mol residue for 2. [θ]ordered and [θ]disordered
for 1, estimated by plotting [θ]observed against x (Figure
5), are 2.6 × 105 and 9.5 × 103 deg cm2 dmol-1 (346 nm)
while those for 2 are 6.4 × 105 and -1.5 × 104 deg cm2

dmol-1 (348 nm). The [θ] disordered values are somewhat
intriguing at first glance as they differ from the [θ]
values of the corresponding monomeric model com-
pounds, i.e., -1.3 × 104 and +1.3 × 104 deg cm2 dmol-1

(346 nm) for 3 and 4, respectively.18 We presume that
the chromophores in the disordered side chains are still
confined in the chiral environment provided by the main
chain and the neighboring side chains. Plots of [θ]observed
at different wavelengths against x similarly afforded
straight lines, giving [θ]ordered and [θ]disordered values of,
for example, -1.2 × 105 and -8.9 × 103 deg cm2 dmol-1

(325 nm) for 1 and -2.3 × 105 and +1.5 × 104 deg cm2

dmol-1 (326 nm) for 2.

Table 2. Optimized Conformations of 1 by CAChe

dihedral angles (deg)

conformation

conformational
energy

(kcal/monomer
unit mol) æ ψ ω ø1 ø2 ø3 ø4 ø5 ø6

R1 -49.82 -68.1a ( 6.6b -36.4 ( 7.4 179.1 ( 5.6 189.6 ( 3.7 276.8 ( 2.1 177.4 ( 3.7 177.3 ( 6.2 116.9 ( 9.9 6.9 ( 8.3
R2 -47.85 -63.8 ( 13.3 -39.6 ( 10.6 179.2 ( 6.8 288.5 ( 24.5 163.0 ( 20.7 58.6 ( 5.5 200.0 ( 8.6 89.8 ( 16.1 21.8 ( 8.2
R3 -47.62 -70.1 ( 12.6 -37.2 ( 17.6 177.5 ( 4.5 182.6 ( 13.6 58.5 ( 15.3 63.0 ( 12.6 190.4 ( 9.7 94.8 ( 51.0 23.2 ( 23.3
R4 -47.27 -60.0 ( 1.3 -40.0 ( 1.6 177.5 ( 1.2 178.3 ( 0.8 281.2 ( 0.5 292.5 ( 1.0 161.9 ( 3.5 55.7 ( 2.4 30.0 ( 1.4
R5 -46.95 -61.2 ( 22.6 -42.3 ( 17.2 178.2 ( 4.2 269.6 ( 9.3 51.1 ( 6.9 180.8 ( 20.2 179.6 ( 5.6 104.7 ( 17.3 10.4 ( 8.0
R6 -46.26 -63.4 ( 11.6 -39.6 ( 12.4 180.2 ( 5.0 294.0 ( 30.4 297.5 (9.8 143.9 ( 47.7 181.9 ( 21.4 101.0 ( 35.5 50.7 ( 48.5

a The average of 10 monomer units in the middle of the 40-mer. b Maximum deviation from the average.

Table 3. Optimized Conformations of 2 by CAChe

dihedral angles (deg)

conformation

conformational
energy

(kcal/monomer
unit mol) æ ψ ω ø1 ø2 ø3 ø4 ø5 ø6

S1 -48.64 -70.2a ( 9.5b -34.6 ( 12.2 178.4 ( 1.9 201.0 ( 11.7 65.9 ( 3.0 179.9 ( 9.3 174.3 ( 9.8 263.7 ( 10.7 320.2 ( 13.6
S2 -47.72 -71.7 ( 16.7 -35.5 ( 13.9 176.8 ( 2.1 154.4 ( 6.5 284.8 ( 3.9 167.8 ( 4.4 179.1 ( 3.3 292.9 ( 2.8 322.2 ( 8.3
S3 -47.12 -61.9 ( 7.2 -41.4 ( 7.5 180.1 ( 1.4 285.0 ( 2.9 184.2 ( 1.1 184.5 ( 4.0 173.9 ( 1.4 282.2 ( 2.6 337.6 ( 4.1
S4 -46.90 -69.8 ( 10.5 -38.4 ( 17.1 181.5 ( 5.3 295.7 ( 3.8 169.1 ( 7.3 299.1 ( 6.2 176.6 ( 6.9 233.8 ( 16.2 355.5 ( 5.1
S5 -46.62 -72.1 ( 20.0 -36.6 ( 16.0 177.0 ( 6.1 173.4 ( 5.1 252.4 ( 18.3 232.6 ( 22.3 167.7 ( 7.6 273.0 ( 12.5 328.4 ( 6.0
S6 -46.35 -65.8 ( 12.6 -39.5 ( 16.2 181.0 ( 4.9 192.5 ( 16.9 188.4 ( 11.6 288.4 ( 8.8 175.2 ( 7.6 265.8 ( 14.1 327.6 ( 12.3
S7 -46.26 -74.8( 17.9 -32.9 ( 13.3 175.8 ( 3.6 164.5 ( 9.1 280.5 ( 4.1 182.4 ( 6.1 181.6 ( 3.8 304.5 ( 4.4 332.3 ( 3.0

a The average of 10 monomer units in the middle of the 40-mer. b Maximum deviation from the average.

Figure 3. Temperature dependence of CD spectra of (a) 1 and
(b) 2 in DMAc. [Py] ) 1.0 × 10-4 M; cell length 2 mm.
Temperatures are 80, 70, 60, 50, 40, 30, 20, 10, and 0 °C. The
CD intensities are expressed in terms of pyrene concentration.

[θ]observed ) x[θ]ordered + (1 - x)[θ]disordered (2)
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Temperature Dependence of Excimer Emission.
As previously reported,18 1 and 2 show relatively strong
excimer emission around 470 nm. Relative to monomer
emission IM, excimer emission ID is stronger with 2 than
with 1. The temperature dependence of fluorescence
spectra is shown in Figure 6. If we assume that simple
Birks’ kinetics32 applies to the present case, the ratio
of excimer emission to monomer emission under pho-
tostationary conditions is given by

where kFM and kFD are the radiative rate constants of
excited monomer and excimer, kDM and kMD are the rate
constants of excimer formation and excimer dissociation,
and kD is the sum of radiative and nonradiative decay
rate constants of excimer, i.e., kD ) kFD + kID.

The plots of ln(ID/IM) against the reciprocal of tem-
perature are shown in Figure 7. The linear plots with
negative slopes indicate the “low-temperature region”
where excimer dissociation is negligible, i.e., kD . kMD.32

In the “low-temperature region”, we can also assume

Figure 4. Plots of equilibrium constant K of 1 (b) and 2 (9)
against the reciprocal of temperature. In fitting to a straight
line, the datum of 2 at 20 °C (0) is omitted due to uncertainty
in K.

Figure 5. Plots of [θ]observed against x for 1 (b) at 346 nm and
2 (9) at 348 nm. In fitting to a straight line, the datum of 2 at
20 °C (0) is omitted as in Figure 4.

Figure 6. Temperature dependence of fluorescence spectra
of (a) 1 and (b) 2 in DMAc. λex ) 345 nm; [Py] ) 5.0 × 10-6 M.
Temperatures are 50, 40, 30, 20, 10, and 0 °C.

Figure 7. Plots of the natural logarithm of excimer to
monomer emission intensity ratios (ID/IM) of 1 (b) and 2 (9)
against the reciprocal of temperature. ID and IM were measured
at 377 nm and at 470 nm, respectively.

ΦD

ΦM
)

kFDkDM

kFM(kD + kMD)
(3)
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kID) (k0
ID+ kID′ exp(-EID/RT)) ≈ k0

ID, where k0
ID is the

temperature-independent portion of the thermal decay
rate constant of excimer. (3) thus reduces to

Since all the rate constants except kDM are assumed to
be independent of temperature, ln(ID/IM) is given as

where k0
DM and EDM are the preexponential factor and

the activation energy of excimer formation, respectively,
and C is a correction factor for the emission intensity
ratios as they are evaluated from emission peak intensi-
ties, not from actual fluorescence quantum yields. The
activation energies of excimer formation calculated from
the slopes are 5.2 kcal/mol residue for 1 and 4.3 kcal/
mol residue for 2, suggesting that pyrene chromophores
in 2 require a smaller activation energy to form exci-
mers. (The activation energy of a low-molecular com-
pound, i.e., meso-2,4-di(2-pyrenyl)pentane, is reported
to be 3.8 kcal/mol in isooctane.33) The extrapolated
intercept, on the other hand, is more positive for 1 than
for 2. The intercept should reflect the preexponential
factor k0

DM as the last two terms in (5) should be
common in the two polymers, suggesting a less negative
entropy of activation for excimer formation in 1.

In evaluating the activation energy of excimer forma-
tion, we did not take into account the presence of the
disordered and ordered side chains. We believe that the

larger overall activation energy estimated for 1 should
reflect, at least in part, the increased population of the
ordered side chains as the ordered side chains are
expected to require a higher activation energy of excimer
formation than the disordered ones.

Ordered Side-Chain Structures as Explored by
Molecular Mechanics and Theoretical CD Calcu-
lations. Molecular mechanics calculations afforded low-
energy conformations R1-R6 for 1 and S1-S7 for 2
(Tables 2 and 3). Those conformations that have large
deviations (>(10°) in dihedral angles among the mono-
mer units have periodicity in dihedral angle distribu-
tion. Among these, R3, R4, R5, S2, and S4 form
hydrogen bonds either among the side-chain amide
groups or between the side-chain and main-chain amide
groups. Since the IR spectra of 1 and 2 in THF (Figure
8) show considerable decrease of 3290 and 1650 cm-1

absorptions characteristic of R-helical main chain as
compared with that of a typical R-helical polypeptide,
i.e., poly(γ-benzyl-L-glutamate), some of the side-chain
amide groups are likely to undergo intramolecular
hydrogen bonding, thereby deforming the R-helical main
chain. We therefore selected the above five as candidates
for the structures of ordered side chains.

R3 has a conformational periodicity composed of six
monomer units and in each period forms one hydrogen
bond (rH‚‚‚O ) 2.2 ( 0.2 Å, ∠N-H‚‚‚O ≈ ∠H‚‚‚OdC )
149 ( 2°) between the side-chain amide carbonyl and
side-chain amide NH groups, e.g., that between the 20th
and 24th monomer units depicted in the top view of R3
in Figure 9. (The monomer units are numbered from
the N-terminal.) By doing so, however, it breaks con-
secutive two secondary i/(i + 3) hydrogen bonds in the
main chain,27 thereby deforming the main-chain R-helix.

R5 also has a slight periodicity in dihedral distribu-
tion, again composed of six monomer units, and shows
continuous formation of hydrogen bonds between the

Figure 8. Amide carbonyl and amide N-H absorptions of poly(γ-benzyl-L-glutamate) (a, a′), 1 (b, b′), and 2 (c, c′) in THF. Curve
fitting using Voigt functions are also shown. Concentrations in terms of monomer unit: 1.5-3.0 × 10-3 M. Spacer length: 1 mm.

ΦD

ΦM
)

kFDkDM

kFM(kFD + k0
ID)

(4)

ln(ID

IM) )

ln(k0
DM) -

EDM

RT
+ ln( kFD

kFM(kFD + k0
ID)) + ln C (5)
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side-chain amide carbonyl and main-chain amide NH
groups in the same monomer units (rH‚‚‚O ) 2.4 ( 0.3
Å, ∠N-H‚‚‚O ) 95 ( 15°, ∠H‚‚‚OdC ) 122 ( 5°), i.e.,
formation of four-center hydrogen bonds at the main-
chain NH groups (Figure 9). It is also noted that
consecutive three secondary i/(i + 3) hydrogen bonds in
the main chain are broken, again leading to deformation
of the R-helical main chain.

R6 is another periodic conformation composed of six
monomer units with four hydrogen bonds formed in each
period (rH‚‚‚O ) 2.1 ( 0.1 Å, ∠N-H‚‚‚O ) 154 ( 5°,
∠H‚‚‚OdC ) 138 ( 15°), e.g., between the side-chain

amide carbonyl group in the 19th (20th) monomer unit
and the side-chain amide NH group in the 23rd (24th)
monomer unit as well as between the side-chain amide
NH group in the 21st (22nd) monomer unit and the
main-chain amide carbonyl group in the 17th (18th)
monomer unit, the latter giving four-center hydrogen
bonding at the main-chain carbonyl group. At the same
time, consecutive two i/(i + 3) main-chain hydrogen
bonds in the main chain are broken as in R3.

The theoretical CD of R3 in the 1La band is found to
be dominated by i/(i + 1) and i/(i + 4) exciton inter-
actions of positive exciton chirality, i being any monomer

Figure 9. Side views and top views (six monomer units in the middle of polymer) of R3 and R5. Dotted lines in top views
indicate hydrogen bonding involving side-chain amide groups.
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unit in the middle of the polymer (Figure 11). In the
1Bb band, dominant i/(i + 1) and i/(i + 4) interactions
give exciton coupling of positive and negative exciton
chirality, respectively, which cancel one another and
give little overall CD. R3 thus gives calculated CD
matching that observed with 1 in DMAc. (1 in DMAc
showed only the local chirality of side chain at the 1Bb
band, indicating no appreciable CD signals due to
exciton coupling.) R3 would thus be a candidate for the
regulated conformation of 1 in DMAc.

The theoretical CD of R5 in the 1La band is found to
be dominated by i/(i + 3) and i/(i + 4) exciton inter-
actions of negative exciton chirality, matching CD
observed with 1 in THF.18 In the 1Bb band, dominant
i/(i + 3) and i/(i + 4) interactions give exciton coupling
of negative exciton chirality and that of positive exciton
chirality, respectively, giving very weak overall CD with
exciton interaction of positive exciton chirality, which
does not exactly match the CD observed in THF.

The theoretical CD of R6 is similar to that of R3
except that it has a weaker intensity in the 1La band

and weak CD with positive exciton coupling in the 1Bb
band.

Taking into account that the CD spectrum of 1 is
sensitive to the hydrogen-bonding ability of the solvent,
we presume that R5, which has side-chain amide NH
groups available for hydrogen bonding by the solvent,
changes to R3 when the solvent is changed from THF
to more strongly hydrogen-bonding DMAc.18 Further-
more, as four of six side-chain amide N-H groups of
R6 are hydrogen-bonded to the main-chain or to the
side-chain amide carbonyl groups, R6 would not be
affected so much by the solvent. Its contribution to CD
in both solvents may not be excluded.

As for 2, S2 is a slightly periodic conformation with
a period of six monomer units and has three consecutive
continuous hydrogen bonds between the side-chain
amide carbonyl group in the 18th (19th, 20th) monomer
unit and the main-chain amide NH group in the 19th
(20th, 21st) monomer unit (rH‚‚‚O ) 2.4 ( 0.2 Å,
∠N-H‚‚‚O ) 93 ( 10°, ∠H‚‚‚OdC ) 121 ( 3°).

Figure 10. Side views and top views (six monomer units in the middle of polymer) of S2 and S4. Dotted lines in top views
indicate hydrogen bonding involving side-chain amide groups.
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S4 is a uniform conformation and has all the ith main-
chain amide carbonyl groups hydrogen-bonded with the
(i + 4)th side chain amide NH groups (rH‚‚‚O ) 2.1 ( 0.1
Å, ∠N-H‚‚‚O ) 139 ( 2°, ∠H‚‚‚OdC ) 112 ( 2°). These
hydrogen bonds are likely to be maintained in either
solvent. At the same time, all the main-chain i/(i + 3)
hydrogen bonds are broken, and the main-chain amide
carbonyl groups form new three-centered hydrogen
bonds with the main-chain and side-chain amide NH
groups.

The theoretical CD of S2 gives dominant i/(i + 4)
exciton interactions of positive exciton chirality at the
1La band and dominant i/(i + 3) interactions of negative
exciton chirality at the 1Bb band, affording CD which
does not match that observed with 2 in either solvent.
The theoretical CD of S4, on the other hand, gives
dominant i/(i + 1) and i/(i + 3) exciton interactions of
positive exciton chirality at the 1La band and dominant
i/(i + 1) and i/(i + 4) interactions of positive exciton
chirality at the 1Bb band, which reproduce the CD of 2
observed in DMAc as well as in THF. We assume that
S4 is a strong candidate for the regulated structure of
2 in both solvents.

We believe that the highly controlled chromophore
orientation is brought about by extensive hydrogen

bonding between the side-chain amide NH and main-
chain amide carbonyl groups as in S4. Such hydrogen
bonds would have the side-chain pyrene chromophores
located close to the main chain, giving densely populated
and highly oriented chromophores along the helical
main chain.

Conclusions

1 and 2 in DMAc, 2 in particular, gave strong CD
signals in the pyrene absorption region as well as strong
excimer emission. The temperature dependence of the
CD spectra suggests that equilibrium is established
between ordered and disordered side chains. The equi-
librium constants estimated from the fluorescence decay
indicate that 2 consistently has a smaller fraction of
ordered side chains than 1 in the temperature range
examined. The molar ellipticity of the ordered side
chains of 2 was estimated to be 2.7 times as large as
that of 1. 2 thus apparently forms excimers more
extensively due to the larger fraction of disordered side
chains despite that the chromophore orientation is much
better controlled in its ordered side chains. The possible
ordered side-chain structures of 1 and 2, evaluated by
conformational analysis and theoretical CD calculations,
suggest that the highly controlled chromophore orienta-
tion is brought about by extensive hydrogen bonding
between the main-chain amide carbonyl and side-chain
amide NH groups as in the regulated conformation of
2, i.e., S4.
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