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Quantum Statistical Corrections
to Dynamic Nuclear Magnetic
Resonance

Leonard J. Mueller and Daniel P. Weitekamp*

A quantum statistical treatment of the chemical exchange between molecular
eigenstates or conformations revealed previously unsuspected dynamic terms
in the spin Hamiltonian operator that describes fast exchange. These terms
resulted from the effect of nuclear spin on rotational and vibrational relaxation.
With the traditional theory, an interpretation of new carbon-13 nuclear mag-
netic resonance measurements of the chemical shift of methylcyclohexane in
solution showed fast-exchange equilibrium constants that were inconsistent
with the slow-exchange free-energy difference and were spread over a range
of 30 percent for the various carbon-13 positions. Modeling of the new terms
indicated that they have the correct magnitude and temperature dependence

to reconcile these inconsistencies.

Almost all magnetic resonance experiments
are performed on molecules undergoing rota-
tional and vibrational (rovibrational) rate pro-
cesses that are sufficiently rapid to affect the
line shape. The signatures of the chemical
exchange between rovibrational states or be-
tween conformers (subsets of rovibrational
states that are associated with a particular
minimum of the potential energy) include
line broadening, coalescence of lines, and
exchange narrowing to line positions corre-
sponding to a temperature-dependent spin
Hamiltonian. The resulting line shapes pro-
vide quantitative conformational probabilities
and rates of interconversion and thus provide
information on the molecular potentials that
underlie kinetic and equilibrium properties.
For five decades, increasingly general theo-
retical formalisms have been proposed and
applied to the interpretation of these dynamic
magnetic resonance spectra (/-6). A key
approximation in these traditional theories,
which was stated in the seminal work (7), is
to neglect the reaction of the spins on the
rapidly relaxing spatial degrees of freedom.
An earlier attempt to remove this approxima-
tion with a static equilibrium description of
the fast-exchange spin Hamiltonian (7) re-
sulted in the unsuccessful fitting (6, &) of
various experimental results with two-state
models of the rapidly relaxing degrees of
freedom and in the conclusion that the tradi-
tional theory was adequate. However, our
experiments demonstrated that the traditional
assumptions underlying dynamic nuclear
magnetic resonance (NMR) are untenable
and motivated a reexamination of the approx-
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imations that have been made.

In our study, we included the back action
of spin on the rapidly relaxing degrees of
freedom within a dynamic system-bath for-
malism, which was similar to that widely
used (/-6, 9) to treat thermally modulated
spin Hamiltonians. Our focus was on the
much stronger (but spin-independent) fluctu-
ations that are responsible for chemical ex-
change. We found that the fast-exchange
magnetic resonance line positions were
strongly affected by details of the rovibra-
tional rate processes through previously un-
suspected contributions to the spin Hamilto-
nian, which is linear (/0) in each nuclear spin
moment. Omitting these terms and using only
equilibrium statistical mechanics of the sys-
tem (the rovibrational and spin degrees of
freedom of the target molecule) introduced
systematic errors. These insights were ap-
plied to resolve large apparent inconsisten-
cies in new dynamic '*C measurements.

We made these improved (//-13) mea-
surements on the well-studied system of
methylcyclohexane in solution because this
system is reportedly consistent with the tra-
ditional theory (8, 14, 15). Methylcyclohex-
ane is favorable for studying chemical ex-
change because of its five inequivalent car-
bon sites (Fig. 1) and its long liquid state
temperature range over which the rate of
conformer interconversion varies rapidly. At
11.7 T, the 1*C NMR spectrum of methylcy-

Fig. 1. The equatorial
and axial conforma-
tions of methylcyclo-
hexane. The carbon
sites are labeled.

Equatorial

clohexane (/6) in solution at 160 K (Fig. 2)
illustrates the slow-exchange regime. In this
regime, barrier crossing at rates that are slow
in comparison with the differences between
the conformers’ spin resonance frequencies
leaves resolved spectral lines for each of the
two conformers. The distinct resonances that
result from the dominant equatorial confor-
mation are apparent (Fig. 2). The much
smaller signal from the methyl carbon (C-
Me) position of the axial conformer is shown
on an expanded scale (Fig. 2, inset), and the
C-2,6 and C-3,5 axial conformers are simi-
larly well resolved. The C-1 axial reso-
nance overlaps with the equatorial C-3,5
peak but was resolved in the present work
with the distortionless enhancement of po-
larization technique (DEPT) spectral edit-
ing experiment (/7). For C-4, the axial and
equatorial resonances are degenerate, and
the single spectral line is not broadened
throughout the entire range of chemical
exchange. We used this line as an internal
chemical shift reference.

The areas of the individual conformer
lines were used to measure the equilibrium
probability ratio K = p**/p*3 (K, equilibrium
constant; p*, probability of the axial confor-
mation; p°4, probability of the equatorial con-
formation) at temperatures between 145 and
190 K, allowing a determination of the dif-
ference A4 in conformer Helmholtz (constant
volume) free energies of the form
AA(T) = Ad, + TdAA(T)dT

= —RTIK(T) 1)
where T is absolute temperature and R is the
gas constant. The best fit parameters (A4, =
6956 * 140 J mol™! and dAA(T)dT =
3.12 = 0.81 J mol™! K™!) are highly corre-
lated, with a covariance of 113 (7).

To interpret the fast-exchange line posi-
tions, we extrapolated the chemical shifts of
each conformer to the higher fast-exchange
temperatures. Methylcyclohexane is favor-
able because of the certainty with which this
extrapolation may be performed (/8). Over
the range of slow-exchange temperatures, the
chemical shifts exhibit a linear dependence
on temperature that differs from site to site.
The internally referenced values Av, = v, —

v, are described by the form
Av, = mT + b, (2)

where the slopes m; and intercepts b, are,
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within measurement error, the same as those
resulting from the global fit of Table 1.

~ As the temperature is raised, the resolved
conformer resonances broaden, coalesce, and
collapse into a single line for each distinct
carbon position. The traditional theory pre-
dicts that the fast-exchange line positions can
be calculated from the weighted average of
the spin Hamiltonians of the conformers. In
the present context, this reduces to

Avfst = p(T)AveXT) + p™(T)Av(T)
3)
One prediction of the traditional theory is
that the data for the various carbon sites
should result,in the same conformer proba-
bilities, assuming (as in Eq. 3) negligible
isotope effects of the '*C placement on the
equilibrium constant. The test of this predic-
tion is shown in Fig. 3. With the conformer
shifts determined by the slow-exchange
chemical shifts that were extrapolated linear-
ly to higher temperatures (Eq. 2), the con-
former probabilities were calculated (with
Eq. 3) from the observed fast-exchange line
positions for each of the four sites that have
resolved conformer lines. The resulting ap-
parent equilibrium constants are spread over
a 30% range for the various carbon positions
(Fig. 3)—either there is a very large isotope
effect on X or this widely used procedure is
internally inconsistent. Because the determi-
nation of K from the ratio of line areas in the
slow-exchange regime is consistent (within
measurement error) with a single equilibrium
constant for the different isotopomers, we
conclude that the traditional procedure is in-
consistent. The fast-exchange line positions
can also be predicted with Eq. 3 and a linear
extrapolation of the slow-exchange chemical
shifts (Eq. 2) and free-energy difference (Eq.
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Fig. 2. The 11.7-T 3C NMR spectrum of meth-
ylcyclohexane at 160 K. The inset, with vertical
scale magnified by 625, shows the much small-
er signal from the C-Me position of the axial
conformer. '
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1). The resulting frequencies deviate by up to
8 Hz from the observed fast-exchange line
positions.

These observations show the failure of the
traditional theory to provide structural infor-
mation from fast-exchange spectra at a high
level of accuracy, which is expected and of-
ten assumed. The magnitude of this failure is
better quantified with global fits to the entire
data set with the reduced x? statistic (19). For
the model consisting of Egs. 1 through 3 with
a single pair of thermodynamic parameters
[A4, and dAA(T)/dT7] for all conformers, the
reduced x? for the global fit is 22. Including
quadratic and cubic terms in the temperature
dependence of A4 hardly improves the fit (x>
= 20). Assuming random errors only (20),
we excluded both models with essentially
complete certainty.

The traditional theory posits that the only
effect of the rapid turmoil of motional aver-
aging is to supply spin-independent rates for
transporting the molecules between spatial
states. To derive equations of motion for the
spins from first principles, we adapted the
second-order weak-collision theory for a sys-
tem coupled to a quantum mechanical ther-
mal reservoir or bath (27). The system-bath
coupling Hamiltonian (V') appears quadrati-
cally in complex-valued spectral densities,
which are the constants in the reduced equa-
tions of motion that describe the time depen-
dence of the system. A key step is to define
the system as consisting of molecular eigen-
states of both spin and spatial interactions,
such as those that are shown in the double-
well model (Fig. 4), where the manifold of
spatial (rovibrational) states within each con-
former well is shown to be split according to
(exaggerated) spin energies. The bath may be
envisioned as the solvent along with any
intramolecular degrees of freedom that are
not modeled as the system. The Hamiltonian
¥V, which is responsible for the rovibrational
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Fig. 3. The inconsistency of conformer equilib-
rium constants (K) as determined with tradi-
tional assumptions. Interpretation of fast-ex-
change line positions with a linear extrapola-
tion of conformer chemical shifts from the
slow-exchange data shows a large apparent
dependence of K on the position of 'C. The
error bars on the data are on the order of 0.5%
of the equilibrium constant and are too small
to be seen at this scale.

relaxation, is spin independent. With these
ingredients, a formal microscopic description
(22) was made of the time dependence of a
spin coherence within this system in the pres-
ence of rovibrational relaxation.

The coherence of interest is between sys-
tem states | m) and |m’), which differ only in
spin state. The elementary step in the rovi-
brational relaxation process is a thermal rate
process (between, say, system state |k> and
system state |m)) that conserves the spin
state. A dynamic frequency shift A, ,, ) is
associated with each microscopic contribu-
tion J,,,,,,) to this rate. These two quantities
are not independent; instead, they form a
Hilbert-transform pair (27) with respect to the
energy that the bath must exchange with the
system for the rate process to occur. Includ-
ing the spin interactions as one contribution
to this energy has two important effects. The
first is that the resulting equations of motion
bring the system to equilibrium—a test that
the traditional theory fails (7). The second
and more important effect is that the rovibra-
tional dynamic frequency shifts, which are
evaluated at system Bohr frequencies that
include spin, now appear in the equations of
motion for spin evolution. Specifically, the
unitary evolution of spin coherence between
states |m) and |m’) experiences a novel type
of dynamic frequency shift

- Amkkm(mkm):l
(4)

where w,,, is the system Bohr frequency at
which energy is exchanged with the bath in
an elementary step of the thermal relaxation.
For the case of interest, where |m) and
|m'y differ only in spin state, the sum over
other rovibrational levels (k) can be grouped
by the spin state as well, because ¥ does not
connect different spin states. Thus, Eq. 4 is a
sum over rovibrational levels of differences
in the imaginary component of the spectral
density evaluated at two Bohr frequencies
that differ only by the contribution of spin
energy (for example, the difference in chem-

Am’m = Z [Am’kkm’((’)km’)

i+l

N J

\
\
L

Fig. 4. Schematic of a multistate model for
chemical exchange. A ladder of spin-conserving
rovibrational transitions (connecting spatial
state j to states i = 1) models barrier crossing
and motional-averaging effects on coherences
between spin states (labeled o and B). Level
spacing is not to scale.
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ical shift) to the total energy that must be
provided by the bath for the rate process to
occur. The energy dependence of the rovibra-

. tional dynamic frequency shifts in these pure-
ly spatial rate processes results in different
shifts for different spin states. Thermody-
namics demands that the thermal rates must
on average respect the existence of spin en-
ergies, including the small energy difference
of a given spin state in different rovibrational
states. Causality demands that we include the
shifts in energy that accompany the rate pro-
cesses. This is the origin of the new terms in
the spin Hamiltonian parameters, which we
refer to as ALBATROSS (average Louvillian
born as the result of spatial susceptibility)
terms (23).

Because of the large disparity in spatial
and spin frequencies and the relative insensi-
tivity of experiments to initial conditions and
rates, the dependence of J ,, . (but not
A, ) on spin energy will. typically be nu-
merically unimportant. Making this simplifi-
cation gives the equation of motion for the
system density operator o(¢) as

<m/ | O'(t) | m> = — {i(wm’m + Am‘m)

+ E VI/IV:’H’}(m, | U(t) | m>

+ Z Wn’m’<n/ | O-(t) | 7’l> (5)

where W, ..
brational state associated with label ' to that
associated with the label n', with spin depen-
dence neglected. This form is similar to the
traditional equations of motion for the spin
coherence, with the only difference being the
newly recognized ALBATROSS shifts A,

An even simpler notation is obtained by
renaming A" as A, where i is the common
spatial label of the two states in spin super-
position. The observed chemical shift in the
fast-exchange limit can be written as the sum
of the traditional (trad) expression and the
population-weighted ALBATROSS (ALB)
shifts, which are summed over rovibrational
states

@= S por+ A) = @t s

i=A4BC. .. (6)

Because the important terms in Eq. 6 can be
divided into subsets that correspond to con-
formers, it is possible that the two-site form of
Eq. 3 is usable. However, the chemical shifts of
each conformer are rate-dependent. This aspect
makes them fundamentally different from the
traditional concept of a Boltzmann average
(0)yaq Of system eigenvalues.

The modeling of the ALBATROSS shift
is complicated because of its dynamic char-
acter and because it can emphasize states that
are different from those that dominate the

www.sciencemag.org SCIENCE VOL 283

is the total rate from the rovi-
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Table 1. Best fit parameters for the temperature dependence of the ALBATROSS shift and chemical shifts
of the equatorial and axial sites in methylcyclohexane.

Equatorial Axial ALBATROSS shift
Carbon
atom Slope Intercept Slope Intercept ~ Linear Quadratic
(Hz K™T) (Hz) (Hz K=T) (Hz) (Hz K™™) (Hz K=2)
C-Me —0.47514 —287.73 —0.24347 —1095.75 —0.03005 —0.00008687
C-1 0.00191 833.71 —0.07757 158.21 —0.02896 0.00020918
C-26 0.26748 1087.09 0.19754 657.65 —0.07534 —0.00001764
C-3,5 0.04618 39.86 —0.02021 —706.92 —0.05220 0.00006580

traditional term. The rovibrational states with
relatively large ALBATROSS shifts are
those that are connected by large rates to
states with large differences in spin Ham-
iltonians. Energetically close states with
different spin Hamiltonians also character-
ize systems with a large temperature depen-
dence of the traditional contribution to the
fast-exchange average.

Evidently, a general approach to modeling
dynamic NMR must involve multistate de-
scriptions of the exchange coordinate, which
include the dependence of the spin Hamilto-
nian on energy and (the qualitatively new
feature) the detailed dynamics as a function
of temperature, even in the fast-exchange
limit. This complicates the analysis of dy-
namic NMR data far beyond the traditional
analysis by greatly increasing its kinetic com-
plexity and by suggesting that a link to the
molecular dynamics of intermolecular inter-
action may be necessary to replace the im-
practical task of realistically modeling the
solvent quantum mechanically.

We modeled the ALBATROSS term of
the chemical shift with a multistate double-
well model, which is schematically illustrated
in Fig. 4. The double-well depths, the batrier
height, and the rates of barrier crossing are
close to those of methylcyclohexane. The
rovibrational relaxation connecting adjacent
levels was modeled as originating from a
single off-diagonal perturbation (¥) with an
exponential autocorrelation time of 107'# s

Fig. 5. A multistate calculation of the ALBA-
TROSS shift as a function of temperature (thin
curve). The thick black lines indicate the tem-
perature ranges of high-resolution line shapes.
The plotted quantity for fast exchange is (w), 5
of Eq. 6. For slow exchange, it is this quantity
with the sum over states restricted to states in
the lower well. The spectral density results
from an autocorrelation time of 107'#s for the
system-bath coupling Hamiltonian V and set-
ting |V 2|to give an exchange rate of 5.88 s~
from the B to the A conformer manifolds at 150
K. Each conformer well has 10 equally spaced

and a matrix element whose square increases
linearly with energy, which is similar to a
harmonic oscillator relaxed by a thermalized
perturbation linear in its displacement. The
chemical shift was taken to vary as a cubic
function of energy above the bottom of each
well. The resulting temperature-dependent
ALBATROSS shift is shown in Fig. 5. A
supralinear activation of the ALBATROSS
shift with temperature is found between the
regimes that are characteristic of slow and
fast exchange, and it reproduces (with plau-
sible parameters) the order of magnitude
(several hertz) of the discrepancy between the
traditional theory and the experimental data
on methylcyclohexane. Modeling in greater
detail with the present formalism will require
input from theory on the system density of
states, the state dependence of the chemical
shift, and the microscopic rates.

The multistate model suggests that the
discrepancy between our experiment and the
traditional procedure for relating slow- and
fast-exchange spectra is associated with the
activated nature of the ALBATROSS terms,
which follows from the origin of the terms in
the rate processes. This reasoning motivates a

new fit with the simplifying assumption that,

for each site, the ALBATROSS shift can be
approximated by an additional quadratic
function of temperature and constrained to
become negligibly small near the start of
intermediate exchange (200 K) and then ex-

tend only into the fast-exchange region. A -

80

P Fast exchange

40

<W>,;  (rad/s)

2 Slow exchange

50 100 150 200 250 300

Temperature (K)

rovibrational states with an energy difference of 4847 ] mol~" within the A conformer manifold and
a spacing of 4098 ] mol~" within the B conformer manifold. The chemical shift of the A conformer
manifold increases as a cubic function of energy from zero to the transition state value of 10* rad
s (13 garts per million), and the chemical shift of the B conformer manifold increases similarly
from 103 rad s~ to this transition state value. The relaxation rates between the nearest neighboring
rovibrational states increase linearly with the state energy.
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model with a linear temperature dependence
of a single conformer free-energy difference
regardless of *C position (Eq. 1), a linear
temperature dependence of the chemical
shifts of the slow-exchange conformer (Eq.
2), and a quadratic ALBATROSS shift that is
unique to each site gives an excellent fit to
the data with a reduced x2 of 1.05, which is
well within the 95% confidence limit. The
fast-exchange data are shown with the best fit
to this model (Fig. 6); the site-specific param-
eters are presented in-Table 1. In this fit, all
carbon sites share a single conformer free-
energy difference of A4, = 6966 J mol™" and
dAA(T)/AT = 3.05 J mol™' K~ over the
range from 145 to 300 K. These thermody-
namic values, as well as the linear coeffi-
cients of temperature dependence, are consis-
tent with the same parameters extracted from
the slow-exchange data only. The statistics
show that this fit (and any satisfactory theory
for the present data) should be accurate to a
few hundredths of a hertz. Any such fit re-
quires contributions to the chemical shift with
a temperature dependence that is much great-
er than that measured in slow exchange. Be-
cause the ALBATROSS terms from the mul-
tistate modeling have this character and are
two orders of magnitude greater than the
experimental precision, it appears that AL-
BATROSS must be a part of any such theory.

The common procedure of extrapolating
conformer spin Hamiltonians linearly with
temperature has no theoretical basis, and
most chemical-exchanging systems are less
favorable than methylcyclohexane for exper-
imentally testing this linearity. The ALBA-

A 0.02
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z
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Temperature (K)
C 1415[Ca6
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0
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260 270 280 290 300 310
Temperature (K)

310

REPORTS

TROSS shift may be an important contribu-
tion to the temperature dependence of the
spin Hamiltonian within a conformer, but it
will contribute more strongly at the higher
rates associated with intermediate and fast
‘exchange. The present theory explains why
linear extrapolation is expected to fail over a
temperature range where rates are rapidly
activated, but ALBATROSS is not necessar-
ily the only important contribution to such a
nonlinearity.

The multistate modeling and successful
global fit with shifts that are activated in
intermediate exchange provide hope that the
new physics presented will be a key ingredi-
ent in calculating NMR line positions to the
accuracy with which they can be measured.
Although more extensive and realistic mod-
eling is needed to make quantitative predic-
tions, it appears from modeling at the present
level that this system is not atypical. Prelim-
inary simulations for the cases of determining

rotamer populations (by way of fast-ex-

change J couplings) or nuclear hyperfine cou-
plings (by way of paramagnetic shifts due to
rapidly relaxing electron spins) indicate that a
neglect of ALBATROSS contributions in the
interpretation will frequently result in errors
in the first significant digit. Such discrepan-
cies would typically exceed the errors that
were due to experimental accuracy. The new
equations of motion give intermediate-ex-
change linewidths that are very similar to
those of the traditional theory, and therefore,
previously reported conformer interconver-
sion rates and activation barriers are not like-
ly to be as significantly affected. Analogs of
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B 514
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§(Hz)

808
806
804

C-1
260
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Fig. 6. Fast-exchange line positions and best global fits motivated by ALBATROSS. The carbon sites
are (A) C-Me, (B) C-1, (C) C-2,6, and (D) C-3,5. Shifts (3) are measured in relation to C-4, and the
insets show the residuals. The four carbon sites share a single conformer free energy difference of
AA, = 6966 ] mol~" and dAA(T)/dT = 3.05 ) mol~" K7 over the entire temperature range from
145 to 300 K. Other fit parameters are in Table 1.

ALBATROSS shifts may be important in the
interpretation of spectral parameters in other
spectroscopic contexts where motional nar-
rowing occurs.
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18. Linearity of the temperature dependence of the
chemical shifts with respect to a cyclohexane refer-
ence was previously reported for the conformers of
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chemical shifts are linear over the entire measured
region of 70 K for the cis conformation and 120 K for
the trans conformation (74).
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the Physical Sciences (McGraw-Hill, New York, ed. 1,
1969). The extent to which the reduced x? is >1
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observed deviations of the data from the best fit are
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librium constants, 16 for the fast-exchange averages,
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20. A conceivable systematic error would be caused by
the neglect of a hypothetical third conformer, which

Chain Length Recognition:
Core-Shell Supramolecular
Assembly from Oppositely
Charged Block Copolymers

Atsushi Harada and Kazunori Kataoka*

Molecular recognition based on length was found to occur between oppositely
charged pairs of flexible and randomly coiled block copolymers in an aqueous
milieu. Matched pairs with the same block lengths of polyanions and polycat-
ions exclusively formed even in mixtures with different block lengths. These
assemblies of the charged segments with matched chain lengths then formed
larger core-shell-type supramolecular assemblies with an extremely narrow
size distribution due to the strict phase separation between core- and shell-

forming segments.

Recently, molecular recognition and the re-
sulting supramolecular assembly processes
have received considerable attention in chem-
istry, biology, and applied fields. Carefully
designed chemical architectures promote pre-
cise molecular recognition, often leading to
an assembly process (/-6). A common strat-
egy for the formation of supramolecular as-
semblies is the construction of spatially or-
dered networks of noncovalently bonded con-
stituent molecules. Most of studies in this
area to date have been focused on the design
of spatially ordered structures in which small
differences in the steric factors of the constit-
uent molecules crucially affect the thermody-
namic stability and assembly of the system
(7). Here we introduce a molecular recogni-
tion system that uses assembly of coiled
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block copolymers. Exclusive pairwise recog-
nition of oppositely charged polymer strands
occurs selectively on the basis of length, cre-
ating multimolecular micellization of pairs of
oppositely charged block copolymers in
aqueous solution. The block copolymers used
here were composed of oppositely charged
pairs of poly(ethylene glycol)-b-poly(c,B-
aspartic acid) (Scheme 1)

might be present at undetectable levels in slow ex-
change but would contribute significantly in fast
exchange. Cryogenic trapping experiments on meth-
ylcyclohexane from an initial temperature of 873 K
(75) set an upper bound at 300 K of 10-# for the
ratio of a hypothetical third conformer to that of
the equatorial form, whereas a population of sev-
eral percent would be needed to account for the
present observations with reasonable chemical
shift parameters.
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We reported previously that mixing this pair
of block copolymers with the same degree of
polymerization (DP) in aqueous media led to
the spontaneous formation of polyion com-
plex (PIC) micelles having diameters of sev-
eral tens of nanometers with an extremely
narrow size distribution (8). A core-shell ar-
chitecture with the PIC core surrounded by a
poly(ethylene glycol) (PEG) corona was pro-
posed for these PIC micelles.

Block copolymers were synthesized by the
ring-opening polymerization of N-carboxyan-
hydride of the amino acids B-benzyl-L-aspar-
tate or e-benzyloxycarbonyl-L-lysine, initiating
from the »-NH, group of a-methoxy-m-amin-
opoly(ethylene glycol) (8). The molecular
weight (M) of the PEG segment was fixed at
5000 g/mol for all block copolymers examined
in this study. After polymerization, protecting
groups on the poly(amino acid) segments were
removed either by alkali treatment (3-benzyl-
L-aspartate) or by acid treatment (e-benzyloxy-
carbonyl-L-lysine). Block copolymers thus ob-
tained were confirmed to have a fairly narrow
M, distribution [ratio of the weight-averaged to
number-averaged molecular weight (M /M) <
1.10] by gel filtration chromatography (GFC).
For both anionic and cationic partners, two sets
of copolymers with different DP of poly(amino

CHs—tOCH,CHzj~ NH~COGHNH)r{COCH,GHNH)yH

G
COoO-

Scheme 1

and poly(ethylene glycol)-b-poly(L-lysine)
(Scheme 2)

CHyOCH,CHz)7-NH~COGHNH)7H

(?H2)4
NH,*

Scheme 2

COO-

acid) segments (18 and 78) were prepared and
were abbreviated as A-18 and A-78 (Scheme 1)
and as C-18 and C-78 (Scheme 2), respectively.

Recognition and selectivities for specific
chain lengths upon micellization were directly
monitored by GFC (Fig. 1). Gel filtration of the
1:1 mixture of the anionic polymers A-18 and
A-78 [based on the aspartic acid (Asp) content]
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