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ABSTRACT: Nylon-3 copolymers generated via ring-opening polymerization of β-lactams have recently
been shown to function as selective antibacterial agents or as chemoattractants that can induce fibroblasts to
attach to surfaces. Understanding the molecular basis of these activities and developing improved materials
requires knowledge of the relative reactivities of different β-lactams, which influence subunit distribution
patterns within polymer chains. The homopolymerization of a cyclooctyl β-lactam (2) in the presence of a
strong base and imide co-initiator was studied using both gas chromatography (GC) and in situ infrared (IR)
spectroscopy. The rate of this anionic ring-opening polymerization reaction exhibits a first-order dependence
on the β-lactam and co-initiator concentrations and a zero-order dependence on the base concentration.
Analogous studies of four other β-lactams, bearing various substituents [cyclohexyl (1), cyclododecyl (3), and
Boc-protected amino groups (4, 5)], revealed that different monomers exhibit significantly different
homopolymerization rates. Binary copolymerizations of four β-lactam pairs (1 þ 4, 2 þ 3, 2 þ 4, and 2 þ 5),
several of which lead to biologically active amphiphilic copolymers, were investigated by GC. In each of
the copolymerizations, except for 2 þ 3, the two β-lactams were consumed at different rates, leading to
compositional drift within the resulting polymers (i.e., variable subunit distribution along the length of the
polymer chains). The copolymerization rates of 2 þ 3 and 2 þ 4 exhibited a monotonic dependence on the
starting β-lactam composition, whereas the copolymerization of 1þ 4 and 2þ 5was slower than either of the
respective β-lactam homopolymerizations. Three methods (Fineman-Ross, Kelen-Tudos, and Mayo-
Lewis) were employed to determine the reactivity ratios of these β-lactam pairs at low conversions. This analysis
confirms that the copolymers obtained from 1 þ 4, 2 þ 4, or 2 þ 5 are characterized by some extent of
compositional drift, while poly(2 þ 3) is an ideally random copolymer. These results provide valuable insights
pertinent to the molecular structure of amphiphilic nylon-3 copolymers that exhibit bioactivity.

Introduction

Oligomers and polymers based on β-amino acid residues are
attractive for biologically orientedmolecular engineering because
of their similarity at the backbone level to conventional peptides
and proteins derived from R-amino acids. Discrete β-peptide
oligomers can mimic some conformations and functions of
R-peptides.1-3Recently, we have begun to explore poly-β-peptides,
i.e., nylon-3 polymers, which can display interesting biological
properties. For example, we have identified cationic/hydrophobic
nylon-3 copolymers that mimic activities of natural host-defense
peptides, including selective toxicity toward bacteria relative to
eukaryotic cells.4-6 The antibacterial effects of the host-defense
peptides themselves have been rationalized based on their se-
quences and the display of side-chain functionality that results
from adoption of specific folding patterns. In contrast, the nylon-3
copolymers are polydisperse in terms of subunit sequence and
stereochemistry, and their activity cannot arise from adoption of a
single, specific conformation. Another effort has identified nylon-3
copolymers that can attract fibroblasts to surfaces.7

Our biologically active nylon-3 copolymers have been
generated by anionic ring-opening polymerization (ROP) of
β-lactams.8 These reactions employ binary β-lactam mixtures
with the intent to generate sequence-random copolymers. If the
reactivities of the two β-lactams differ, however, then the pattern
of subunits along the nylon-3 chainwill not be completely random.

Relatively little information is available regarding the relationship
between β-lactam substitution pattern and reactivity because
previous reactivity studies have been limited to β-lactams with
hydrocarbon substituents.9,10 The present study was motivated by
our desire to understand how variations in β-lactam structure,
including different types of hydrocarbon substituents (1-3) and
substituents that bear a protected amino group (4, 5), influence
reactivity under ROP conditions.

Anionic ROP of β-lactams is generally carried out with the aide
of an imide co-initiator,whichminimizes the length-polydispersity
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of the product polymer. Chain propagation is believed to involve
nucleophilic attack of a lactamate anion on the endocyclic imide
carbonyl group at the polymer chain end (Scheme 1). Recently,
we have developed a modified method for anionic ROP based on
the use of acylating agents such as acid chlorides or anhydrides as
co-initiators for the ROP process (e.g., I).11 This approach has
been implemented with a variety of substituted β-lactams, in-
cluding 1-5, in common organic solvents. In the presence of a
strong base [LiN(SiMe3)2 in the present polymerizations], the
acylating agent presumably reacts rapidly with a β-lactamate,
leading to in situ formation of an imide, which is the true co-
initiating species.

Several groups have investigated the kinetics of β-lactam
homopolymerization;8 however, the methods used for these stud-
ies have limitations. Some measurements are indirect, such as
monitoring temperature or viscosity changes in the reaction
mixture. Other approaches involve tedious product isolation prior
to spectroscopic analysis. Below we report convenient methods to
studyROPkinetics by directlymonitoring β-lactam concentration
in the reaction mixture, and we analyze the influence of polymer-
ization kinetics for different monomers on the structure of nylon-3
copolymers. The results provide valuable insights into the molec-
ular compositionof thesematerials, several ofwhich areprecursors
to amphiphilic polymers with important biological activities.4-7

Experimental Section

Materials. β-Lactams 1-5 were prepared according to pre-
viously reported methods.11 LiN(SiMe3)2, 4-tert-butylbenzoyl
chloride (I), benzoic acid, and THF (anhydrous, inhibitor free)
were purchased from Aldrich (Milwaukee, WI) and used with-
out further purification.

Polymerization Procedure. In a nitrogen-purged glovebox, a
β-lactam, or amixture of twoβ-lactamswith a definedmolar ratio,
and triphenylmethane (internal standard) were weighed and dis-
solved in THF, followed by the addition of 4-tert-butylbenzoyl
chloride co-initiator (5 mol % with respect to the total amount of
β-lactam) fromapremade stock solution.Themixturewas allowed
to stir for 5 min before being transferred to a Schlenk-type flask.
A solution of LiN(SiMe3)2 in THF was prepared in a separate
Schlenk-type flask. The total initial concentration of β-lactamwas
0.10 mol/L unless otherwise indicated. The flasks were sealed,
brought out of the glovebox, and placed into a constant-tempera-
ture heating bath. After thermal equilibration, an aliquot of solu-
tion corresponding to 12.5 mol % LiN(SiMe3)2 relative to the

concentration of β-lactam was transferred using an airtight syringe
into the monomer-containing flask to initiate the polymerization.

Kinetic Studies Based on Gas Chromatography (GC).GC was
employed to determine β-lactam consumption. In the measure-
ments, aliquots of polymerization solution were taken and
transferred to vials containing a small amount of benzoic acid
solution (quencher). The quenched reaction solutions were
injected into a ShimadzuGC-17A gas chromatograph equipped
with anRTX-5 column.Monomer concentrationwas calculated
from the peak area ratio relative to a known amount of the
internal standard.

Kinetic Studies Based on in Situ Infrared (IR) Spectroscopy.
Monomer concentration was monitored in real time on a
Hamilton Sundstrand Analect ChemEye FTIR analyzer using
either a flow cell or an attenuated total reflection (ATR) probe,
in the range 1000-2000 cm-1. A sealed three-arm reaction flask
containing a solution of β-lactam monomer(s) and co-initiator
in THFwas prepared in a nitrogen-purged glovebox, along with
another sealed flask containing LiN(SiMe3)2 in THF. After the
three-arm reaction flask was connected with the instrument and
the solution was temperature-equilibrated, LiN(SiMe3)2 was
injected using an airtight syringe to initiate polymerization. IR
spectra were recorded by using the FX 90 program with a
sampling interval of 6 seconds and 4 scans per sampling. IR
absorbance was converted into concentration according to pre-
determined calibration curves.

Results and Discussion

Homopolymerization of β-Lactams 1-5. We began by
focusing on β-lactam 2, since this molecule is easily synthe-
sized in large quantities, and the resulting polymers dissolve
well in common organic solvents. Figure 1a shows the
consumption of 2 as a function of time at 0 �C as monitored
by GC. The monomer was fully consumed in∼2 h. The data
can be fit to a first-order decay model, suggesting that the
polymerization is first order with respect to the monomer
concentration, at least over most of the time course. This
behavior can be seen more clearly in the semilogarithmic
pseudo-first-order plot (Figure 1b), where a linear relation-
ship is observed up to ∼85% conversion of the monomer.
The apparent rate constant (kobs) derived from the linear fit is
0.024 min-1.

The polymerization is more rapid at higher temperature.
For instance, the time required to complete the polymeriza-
tionwas<10minat 30 �C,withkobs=0.23min-1.At this tem-
perature, as at 0 �C, deviation from first-order kinetics
occurred in the latter stages of the reaction. As a control
experiment, we carried out polymerization of β-lactam 2 in
the absence of co-initiator I, i.e., initiated with only the base
(LiN(SiMe3)2). This reaction was much slower (complete

Scheme 1. General Mechanism of Imide-Initiated Anionic Ring-Opening Polymerization (ROP) of β-Lactams
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consumption of 2 required 8 h at 30 �C) relative to ROP
activated via inclusion of co-initiator I. This result indicates
that the nonactivated polymerization pathway is negligible
when a co-initiator is used, as in all reactions discussed
below.

Deming and co-workers have observed a first-order kinetic
dependence on [monomer] in the polymerization of a β-lactam
derivatized from L-aspartic acid initiated by a transition
metal compound Sc(N(SiMe3)2)3.

12 Eisenbach and Lenz
have previously studied anionic ROP of 3-methyl-3-alkyl-
2-azetidinones,13 one of the few types ofβ-lactam that has been
previously found to yield polymer that is soluble in common
organic solvents. These workers reported a first-order depen-
dence of the polymerization rate on β-lactam concentration
when using potassiumpyrrolidone andN-acetylpyrrolidone as
the initiator-co-initiator system andDMSO as the solvent, but
only after ∼30% conversion. Moreover, Sebenda et al. re-
ported rather complex kinetics for anionic ROP of this type of
β-lactam, and they claimed that the apparent dependence on
β-lactam concentration changes during the course of poly-
merization.14,15 This observation appears to be consistent with
the deviation from first-order kinetics we observed toward the
end of the polymerization of 2 (Figure 1).

We evaluated the dependence of the initial rate of poly-
merization on the concentrations of the monomer 2, the co-
initiator I, and the base initiator LiN(SiMe3)2. At monomer
concentrations less than 0.1 M, the initial rate of poly-
merization exhibited a linear (first-order) dependence on

[monomer] (Figure S1). Deviation from this dependence
was observed at higher monomer concentration. On the
other hand, the dependence of the initial rate of polymeri-
zation on the initial concentrations of I andLiN(SiMe3)2 was
clear: the polymerization rate exhibited a first-order depen-
dence on the co-initiator concentration [I] and a zero-order
dependence on the concentration of the base initiator
[LiN(SiMe3)2] (Figures S2 and S3, respectively).

We used in situ IR to follow anionic ROP in real time by
monitoring the concentration of both the β-lactam starting
material and the polymer product. β-Lactam 2 has a strong IR
absorption at 1766 cm-1, which arises from the CdO stretch,
and the resulting polymer has two different IR signals in this
region, at 1647 cm-1 (amide I band) and 1539 cm-1 (amide II
band). Figure 2 shows the temporal evolution of the IR
spectrum of the reaction mixture during the polymerization
of 2 at 15 �C. The 1766 cm-1 signal (A) diminishes, which
indicates depletion of monomer. Concomitantly, signals at
1647 and 1539 cm-1 (B and C) grow in, which indicate the
formation of poly(2). Using external standards for calibration,
we generated time courses for β-lactam consumption and
polymer appearance (on a β-lactam residue basis) for the
anionic ROP of 2 at this temperature (Figure 3). The decay
of monomer concentration detected in this way was consistent
with the GC results. The sum of the monomer and polymer
concentrations stayed constant throughout the polymeriza-
tion, implying that there are no side reactions and that poly(2)
is the sole product of the reaction.

Figure 1. (a) β-Lactam starting material concentration as a function of time for the homopolymerization of 2 at 0 �C. (b) Semilogarithmic plot of the
data used to generate part (a). Curves shown result from first-order exponential decay fitting for (a) and linear fitting for (b) (the last four data points
(open squares) were excluded from the fit for part (b)). Conditions: [2] = 0.1 M, [I] = 0.005 M, [LiN(SiMe3)2] = 0.0125 M.

Figure 2. Temporal evolution of IR spectrum for the homopolymerization of 2 at 15 �C. Conditions: [2] = 0.1 M, [I] = 0.005 M, [LiN(SiMe3)2] =
0.0125 M.
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The kinetics of homopolymerization for β-lactams 1 and
3-5 were investigated by GC and in situ IR spectroscopy,
and the resulting kinetic profiles of these β-lactams were
similar to that of 2. The polymerization of 1 produces a
precipitate (poly(1) with more than 10 repeating units) within
a few seconds at 20 �C, thereby precluding accurate quantita-
tive analysis; however, a rough estimate of the rate constant for
polymerization of 1 is 0.5-1 min-1. The rate constant for
polymerization of 3 at 20 �C is 0.033min-1, and the analogous
value is 0.14 min-1 for 2 and 0.12 min-1 for 5. β-Lactam 4

reacts so rapidly that we could not accurately measure the
homopolymerization rate constant, even at 0 �C, consistent
with a rate constant >1 min-1 at 20 �C. Comparison of the
homopolymerization rate constants for β-lactams 1-5 estab-
lishes the following order of relative reactivity toward anionic
ROP: 1 and 4 are the most reactive β-lactams; 2 and 5 are
similar in reactivity and ∼5-fold more reactive than 3. The
reactivity trend among cycloalkane-derived β-lactams (1 >
2> 3) and between β-lactam 4 and 5 (4> 5) may arise from
the increasing steric hindrance due to the presence of a larger
ring (1-3) or increasing number of side-chain substituents (4
and 5). These trends are similar to previous observations
involving other β-lactams.16

BinaryCopolymerization ofβ-Lactams.Weevaluated copoly-
merization reactions involving four β-lactam pairs: (1 þ 4),
(2 þ 3), (2 þ 4), and (2 þ 5). After side-chain deprotection,
three of these pairings would lead to hydrophobic/cationic
nylon-3 materials of the type we have previously shown to
display interesting biological activities.4-7 For each pair,
the two β-lactams were combined in various molar ratios
and then subjected to conditions comparable to those used
for the homopolymerization studies outlined above. We
used GC to monitor the concentration of each remaining
β-lactam independently during the polymerization reac-
tions; the extent of monomer conversion and the copolymer
composition were determined based on the GC data.

We begin by considering the copolymerization of 2 and 5;
the former bears a cyclooctyl unit, and the latter bears a Boc-
protected amino group. Figure 4 shows the concentration
of each of the β-lactams as a function of reaction time for a
copolymerization started from a mixture containing a 1:1
molar ratio of 2 and 5 at 20 �C. Similar to the data described
above, the initial part of each curve can be fit to a first-order
function. The deduced polymerization rate constants are
0.030min-1 for2 and0.014min-1 for5. Eachof these rate con-
stants is substantially smaller than the corresponding homo-
polymerization rate constants, which are 0.13 min-1 for 2 and
0.12 min-1 for 5 at the same temperature. β-Lactam 2 is con-
sumed more rapidly than is β-lactam 5, which suggests that
the initially formed copolymer (i.e., the N-terminal region
of each final copolymer chain) contains more cyclooctyl
units than protected alkylamine units. Since the poly-
merization continues after 2 has been completely con-
sumed, the C-terminal region of each copolymer chain
should containmore protected alkylamine units than cyclooctyl
units. Thus, the kinetics suggests a somewhat uneven distribu-
tion of the two repeating units along the copolymer chain, even
though a 1:1 molar ratio of monomers was employed for the
polymerization reaction.

To probe the origin of this impact of copolymerization on
β-lactam consumption kinetics, we examined reactions
started with various 2:5 ratios (Figure 5). The data indicate
that all of these copolymerizations are retarded compared
with homopolymerization reactions. The initial rate con-
stants (kobs) for disappearance of each β-lactam were mea-
sured in these reactions. Figure 6 shows these rate constants
plotted as a function of the 2:5molar ratio at the start of the
reaction. In each case the rate constant for β-lactam con-
sumption is smaller than in the corresponding homopoly-
merization. The rate constant for consumption of β-lactam 2

Figure 3. Time course of β-lactam consumption and polymer forma-
tion for the homopolymerization of 2 at 15 �C. The solid curve
corresponds to concentration of β-lactam as determined by IR absorp-
tion at 1766 cm-1, and the dashed curve corresponds to concentration
of polymer, on the basis of monomer residues, as determined by IR
absorption at 1647 cm-1. The dotted curve is the sum of the solid
and the dashed curves. Conditions: [2] = 0.1 M, [I] = 0.005 M, [LiN-
(SiMe3)2] = 0.0125 M.

Figure 4. Dependence of the concentrations of remaining β-lactams 2
and 5 on reaction time for the copolymerization of a 1:1 molar mixture
of these two starting materials. The lines simply connect the points.
Conditions: [2þ 5]=0.1M, [I]=0.005M, [LiN(SiMe3)2]=0.0125M,
20 �C.

Figure 5. Extent of β-lactam conversion to polymer as a function of
reaction time for copolymerization of 2 and 5 with different initial
ratios. 2:5 = 100:0 (solid square), 75:25 (open square), 50:50 (solid
triangle), 25:75 (open triangle), 17:83 (solid cycle), 0:100 (open cycle).
The lines simply connect the data points. Conditions: [2 þ 5] = 0.1 M,
[I] = 0.005 M, [LiN(SiMe3)2] = 0.0125 M, 20 �C.
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is larger than for consumption of 5 under all conditions, which
means that all of the resulting copolymers contain a higher
population of the subunit derived from 2 in their N-terminal
segments than would be predicted based on the initial 2:5
ratio. Figure 7 shows that the copolymer composition (F1)
varies as a function of the total conversion. The impact of
conversion extent on copolymer composition shows similar
trends for the different initial β-lactam proportions: the
polymer chains are highly enriched in subunits derived from
2 at low conversion, and the subunit proportion approaches
that initial β-lactam proportion as the extent of conversion
increases. Thus, if one starts with a β-lactam mixture con-
taining 25 mol % 2, the copolymer contains ∼50 mol %
subunits derived from 2 after only 10% conversion, and the
copolymer contains∼40mol%subunits derived from 2 after
50% conversion. The data in Figure 8 show how the subunit
composition of a nylon-3 copolymer (F1) depends on the
initial β-lactam ratio ( f1) when the extent of conversion is
limited to 10%.The diagonal (dotted line) corresponds to the
composition expected at full conversion (which is equal to
the initial β-lactam ratio). In all cases, as discussed above, the
copolymers are enriched in subunits derived from 2, relative
to the initial β-lactam ratio. Overall, these studies show that
these nylon-3 copolymers are subject to compositional drift,
relative to the initial β-lactam monomer proportions, as
opposed to being ideally random.

To elucidate the copolymerization behavior of 2 and 5
quantitatively, we used several methods to estimate the co-
polymerization reactivity ratios for this system (r1 and r2).
These ratios give ameasure of the relative rates of reaction of
the two different versions of living chain end (C-terminal
imide derived from 2 vs C-terminal imide derived from 5)
toward each of the two different β-lactamates in the reaction
mixture (β-lactamate derived from 2 vs β-lactamate derived
from 5) (Scheme 2). The rate constants k11 and k22 of the
homopropagation steps (A and D), in principle, should be
similar to the rate constants of the corresponding homo-
polymerization reactions. The rate constants k12 and k21 of
the cross-propagation steps B and C) are related to k11 and
k22 through the corresponding reactivity ratios, r1 = k11/k12
and r2 = k22/k21. For most β-lactam combinations con-
sidered here, the reactivity ratios are observed to deviate
from one; in these cases, the β-lactamate species involved in
the polymerization reactions preferentially react with one
type of imide chain end relative to the other. It should be
noted that reactivity ratios k11/k12 and k22/k21 for the present
polymerizations do not correspond precisely to the reactions
shown in Scheme 2 because the r1 and r2 values derived below
are based on the relative reactivity of the neutral monomers.
Thus, the derived r1 and r2 values are influenced by the
relative acidities of the β-lactam monomers.16

We analyzed these kinetic data by two widely used linear
graphical methods, Fineman-Ross17 andKelen-Tudos,18-20

in order to estimate r1 and r2 for copolymerization of 2 and 5.
Both methods are derived from the Mayo-Lewis equation
(eq 1)21

d½M1�
d½M2� ¼

½M1�ðr1½M1� þ ½M2�Þ
½M2�ðr2½M2� þ ½M1�Þ ð1Þ

whereM1 andM2 correspond toβ-lactam 2 and 5, respectively.
The Fineman-Ross method is based on eq 2

G ¼ r1F - r2 ð2Þ
where F = x2/y and G = x(1 - 1/y); x is the instantaneous
molar ratio of the twomonomers in the reactionmixture, and y
is themolar ratio of the subunits derived from themonomers in
the copolymer at that instant. The Kelen-Tudos method is
based on eq 3

η ¼ ξðr1 þ r2=RÞ- r2=R ð3Þ
where η= G/(Rþ F ), ξ= F/(Rþ F ), and R is defined as the
positive square root of the product of the minimum and

Figure 6. Plot of the apparent rate constants (kobs) for consumption of
2 and 5 as a function of the fraction of 2 in the β-lactam mixture at the
start of the reaction ( f1).

Figure 7. Subunit composition of copolymers (F1, fraction of subunit
derived from 2) as a function of total conversion for the copolymeri-
zation of β-lactams 2 and 5. The initial 2:5 proportion is indicated by f1,
which is the fraction of 2 in the starting β-lactam mixture. The lines
simply connect the data points.

Figure 8. Composition of the copolymer (F1 = fraction of subunits
derived from 2) as a function of the composition of the initial β-lactam
mixture ( f1= fraction of 2) for the copolymerization of 2 and 5 at 10%
conversion. The solid line shows the best fit to eq 4 (r2 = 0.997).
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maximum value of F. The factor R helps the data points to be
properly weighted. Given that both methods are most appro-
priate at low conversions without chain termination, we ap-
plied eqs 3 and 4 to data acquired for e10% conversion. The
variable ywas treated as the ratio of the initial reaction rates of
the two monomers.

Figure 9 shows plots generated via the Fineman-Ross
method (a) and the Kelen-Tudos method (b) for the copoly-
merization of 2 and 5. Both plots show a good fit (correlation
coefficient >0.98 in each case) to the corresponding linear
equation. The reactivity ratios were determined to be r1 =
1.63 ( 0.04 and r2 = 0.30 ( 0.09 from the Fineman-Ross
plot, and r1 = 1.58 ( 0.10 and r2 = 0.25 ( 0.06 from the
Kelen-Tudos plot.

The subunit composition of the copolymer (F1) can be
related to the composition of the initial ratio of monomers
( f1) through the differential form of the Mayo-Lewis equa-
tion (eq 4).22

F1 ¼ r1 f1
2 þ f1ð1- f1Þ

r1 f1
2 þ 2f1ð1- f1Þþ r2ð1- f1Þ2

ð4Þ

Nonlinear least-squares fitting of the data in Figure 8 into
eq 4 provides anotherway to generate the reactivity ratios for
copolymerization of 2 and 5; this approach gives r1= 2.47(
0.31 and r2 = 0.24( 0.03 for 10% conversion. These values
slightly differ from those obtained by the linear methods
(Figure 9) probably because of different evaluation methods
(linear vs nonlinear). It is important to note that each of the
methods discussed above has limitations for determining
reliable and statistically sound reactivity ratios in our case.
For controlled/living polymerizations, such as anionic ROP
of β-lactams, it can be problematic to determine the reactiv-
ity ratios at low conversions as the polymer chains are quite

short. Nevertheless, the consistent trend in the reactivity
ratios we obtained suggests that reliable qualitative conclu-
sions can be drawn from these results.

The results summarized above (r1> 1 and r2< 1) indicate
that β-lactam 2 is more reactive than β-lactam 5 toward both
imide chain ends; thus, 2 is incorporated faster than 5 at early
stages of the polymerization. This conclusion agrees with
our observation of the progress of the copolymerization.
Because r1 and r2 are neither very large nor very close to zero,
the distribution of subunits in poly(2 þ 5) is still expected to
be approximately random. The anionic copolymerization of
ε-caprolactam andω-dodecalactam has been reported to show
similar behavior, with reactivity ratios 2.26 and 0.27.23

We next turned our attention to a second binary copoly-
merization system, involving β-lactams 2 and 4. Homopoly-
merization results indicated a much higher rate constant for
4 than for 2, and we were therefore surprised to observe that
copolymerization of 2 and 4 from an initial 1:1 β-lactam ratio
shows similar rates of consumption for the two starting
materials (Figure 10; compare with Figure 4). When the
polymerization was carried out with lower initial ratios of
2:4, the overall copolymerization rate increased (Figure 11),
as did the rate constant for consumption of each monomer
(Figure 12). This monotonic trend differs from theU-shaped
trend observed for copolymerization of 2 and 5 (Figure 6).
The Fineman-Ross and the Kelen-Tudos analyses (M1 = 2

and M2 = 4) provided nearly identical results, with averaged
reactivity ratios r1 = 0.75 ( 0.04 and r2 = 1.26 ( 0.05
(excellent linearity in both plots, Figure S5). These results
reflect the higher reactivity ofβ-lactam 4 relative to β-lactam 2;
however, the difference is not as great as thatmanifested in the
homopolymerization reactions. In addition, these results in-
dicate that copolymers of 2 and 4 suffer from little composi-
tional drift, with only slight enrichment in subunits derived

Scheme 2. Chain Propagation Reactions of Copolymerization of 2 and 5

Figure 9. (a) Fineman-Ross plot and (b) Kelen-Tudos plot for the copolymerization of β-lactams 2 and 5. See text for origin of dotted lines.
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from 4 at the N-terminus and slight enrichment in subunits
derived from 2 at the C-terminus. Compared to poly(2 þ 5),
poly(2þ 4) is closer to a random copolymer because r1 and r2
are closer to one.

Analogous studies were carried out for the copolymeriza-
tion of 1 and 4 and for the copolymerization of 2 and 3.

Interestingly, copolymerization data for 1 and 4 (Figure 13)
exhibit the U-shaped kinetic behavior analogous to that
shown for 2 and 5 in Figure 6, while the system of 2 and 3
(Figure 14) exhibits monotonic trends analogous to those
seen for 2 and 4 in Figure 12. The results reveal that the
β-lactam 4 is more reactive than β-lactam 1 and thus that the
resulting copolymers are subject to some extent of composi-
tional drift. In contrast, 2 and 3 are consumed at similar rates
regardless of the initial β-lactam ratio, even though 2 and 3
undergo homopolymerization with a 5-fold difference in
rate. Near-unity values of r1 and r2 derived from the copoly-
merization of 2 and 3 indicate that these polymers are
almost ideally random. Analysis of reactivity ratios deduced
for all four β-lactam pairs considered in this study (Table 1)
reveals that three of the pairs feature compositional drift:
poly(1þ 4), poly(2þ 4), and poly(2þ 5). In these three cases,
one reactivity ratio is >1 and the other is <1. Since none of
these reactivity ratios are very large or close to zero, all of
these nylon-3 copolymers should have a fairly random
distribution of subunits.

Two distinct types of copolymerization kinetics are evi-
dent among the four systems examined, with 2þ 5 and 1þ 4
displaying a suppression of overall reaction rate relative to
homopolymerization, whereas 2 þ 4 and 2 þ 3 lack the
suppression effect. One might expect the copolymerization
rate to changemonotonically as the fraction of onemonomer
varies in the starting mixture because the copolymerization
should be retarded by the less active monomer. Indeed, this
behavior has been found in many systems, for example,

Figure 10. Dependence of the concentrations of remaining β-lactams 2
and 4 on reaction time for the copolymerization of a 1:1 molar mixture
of these two starting materials. The curves simply connect the points.
Conditions: [2þ 4]=0.1M, [I]=0.005M, [LiN(SiMe3)2]=0.0125M,
20 �C.

Figure 11. Extent of β-lactam conversion to polymer as a function of
reaction time for copolymerization of 2 and 4 with different initial
ratios. 2:4 = 100:0 (solid square), 75:25 (open square), 50:50 (solid
triangle), 25:75 (open cycle). The curves simply connect the data points.
Conditions: [2þ 4]=0.1M, [I]=0.005M, [LiN(SiMe3)2]=0.0125M,
20 �C.

Figure 12. Plot of the apparent rate constants (kobs) for consumption of
2 and 4 as a function of the fraction of 2 in the β-lactam mixture at the
start of the reaction ( f1). The curves simply connect the points.

Figure 13. Plot of the apparent rate constants (kobs) for consumption of
1 and 4 as a function of the fraction of 1 in the β-lactam mixture at the
start of the reaction ( f1). The curves simply connect the points.

Figure 14. Plot of the apparent rate constants (kobs) for consumption of
2 and 3 as a function of the fraction of 2 in the β-lactam mixture at the
start of the reaction ( f1). The curves simply connect the points.
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radical copolymerization of styrene and acrylates.24,25 Co-
polymerization reactions that proceed slower than the res-
pective homopolymerizations, as is the case with 1 þ 4 and
2 þ 5, are rather uncommon, although such situations have
been theoretically predicted26 and observed in radical copoly-
merization systems such as vinyl chloride-vinylidene
chloride.27 This behavior was ascribed to the large relative
rate of termination between unlike radicals.28 Such an
explanation cannot apply to our systems because the anionic
ROP of β-lactams has a mechanism quite different from that
of radical polymerization, and chain termination is negligi-
ble in the present reactions. We can exclude physical proper-
ties of the reaction solution (e.g., viscosity) as the origin of
the rate suppression seen for copolymerization of 1 þ 4 or
2þ 5 because the reactions are carried out in dilute solutions
(total [M] = 0.1 mol/L). It seems unlikely that the rate
suppression arises from co-initiator reactivity because both
4-tert-butylbenzoyl chloride and a pregenerated imide co-
initiator (1-benzoyl-4-phenylazetidin-2-one) give identical
reaction kinetics.11 As discussed in some previous reports
on anionic ROP of β-lactams,29,30 transacylation reactions
that do not lead to chain growth (β-lactamate attack on the
exocyclic carbonyl group of the C-terminal imide) may com-
pete with chain propagation reactions ( β-lactamate attack on
the endocyclic carbonyl group of the C-terminal imide), and
one might wonder whether the unusual copolymerization
behavior we observe for 1þ 4 or 2þ 5 arises from this pheno-
menon. Hashimoto et al.,31 however, have suggested that the
exocyclic attack process can be neglected, since endocyclic
attack is highly preferred because of β-lactam ring strain.

Our current rationale for the two distinct types of copoly-
merization kinetics observed here takes into account the
relative pKa values of the two β-lactams and the relative
reactivities of the two imide chain ends involved in the
copolymerization reactions (cf. Scheme 2). It is reasonable
to expect that there will be a small difference between the
acidities (pKa) of two β-lactam monomers, and this differ-
ence in pKa results in different ground state energies of the
two β-lactamates. Proton transfer between the different
β-lactamates (eq 5) is expected to be in fast equilibrium
and, therefore, can be treated as a classical Curtin-Hammett

situation.32 For reasons elaborated below, we suppose that the
pKa ofβ-lactams1-5decreases in theorder1∼ 5> 4>2>3.
The ground state energies of corresponding β-lactamates will
follow the same trend (i.e., theβ-lactamate from3 is expected to
be most stable). We further assume that the differences in
homopolymerization reactivity of β-lactams reflect the relative
transition-state energies associated with β-lactamate attack on
the corresponding imide. The fact that there is relatively little

difference in the consumption rates of β-lactams in each
copolymerization suggests that the reactivity of each β-lactam
is predominantly determined by the imide end group rather
than the β-lactamate generated from that β-lactam. So accord-
ing to our experimental results on the homopolymerization
reactivity, the relative transition state energies that involve
β-lactamate attack on the imide end group generated from
β-lactams 1-5decrease in the order 3> 5> 2> 1> 4. These
considerations provide the basis for the qualitative energy
profiles for the copolymerizations shown in Figure 15.

The four β-lactam pairs in our study fit into two different
types of energy profiles. β-Lactam pairs (1 þ 4, or 2 þ 5)
in which the β-lactam corresponding to the more reactive
imide end group has the lower pKa value are represented
in Figure 15a, and β-lactam pairs (2 þ 3, or 2 þ 4) in which
the β-lactam corresponding to the more reactive imide end
group has the higher pKa value are described in Figure 15b.
According to the Curtin-Hammett principle and the
Winstein-Holness equation,32 the overall reaction rate in a
fast equilibrating system is determined by the energy difference

Table 1. Summary of Reactivity Ratios for β-Lactam
Copolymerizationsa

β-lactams Fineman-Rossb Kelen-Tudosc Mayo-Lewisd

M1 M2 r1 r2 r1 r2 r1 r2

1
e

4
e 0.63 1.58 0.67 1.65 0.67 1.64

2 3 1.04 1.09 1.02 1.08 0.88 1.02
2 4 0.74 1.25 0.75 1.27 0.69 1.46
2 5 1.63 0.30 1.58 0.25 2.47 0.24
aConditions: [M1 þ M2] = 0.1 M, [I] = 0.005 M, [LiN(SiMe3)2] =

0.0125M, 20 �C. bValues determined from the least-squares fitting of the
Fineman-Ross plot. cValues determined from the least-squares fitting
of the Kelen-Tudos plot. dValues determined from the best fitting of
eq 4. eMeasured at 0 �C.

Figure 15. Schematic energy profiles for β-lactam copolymerizations.
(a) Species with R1 and R2 side chain refer to species generated from 1
and 4, respectively, or 5 and 2, respectively. (b) Species with R1 and R2

side chain refer to species generated from 3 and 2, respectively, or 2 and
4, respectively.
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between the lowest-energy ground state and the respective
transition states. For β-lactam pairs with the first type of
copolymerization energy profile, the activation energies of
the reactions involving the imide end group with R1 side chain
arehigher than that of thehomopolymerizationof theβ-lactam
with R1 side chain (ΔG‡

11, ΔG
‡
12 > ΔG‡

1-homo). In other
words, the imide end group with R1 side chain becomes less
reactive toward nucleophilic attack in the copolymerization
reaction relative to that in the homopolymerization reaction.
Thus, the copolymerization rate is reduced relative to the
homopolymerization rate of either β-lactam. In the second
copolymerization scenario, as shown in Figure 15b, the activa-
tion energies of the reactions are between those of the homo-
polymerization of the two β-lactams (ΔG‡

1-homo = ΔG‡
11 =

ΔG‡
12>ΔG‡

21=ΔG‡
22>ΔG‡

2-homo). Therefore, the overall
copolymerization rate changes monotonically as the starting
β-lactam ratio is varied.

Conclusion

The kinetic study of anionic ROP of β-lactams 1-5 co-
initiated by tert-butylbenzoyl chloride and LiN(SiMe3)2 in
THF has revealed the course of the polymerization and provided
insights about the reactivity of each β-lactam. Copolymerization
of four β-lactam pairs (1 þ 4, 2 þ 3, 2 þ 4, and 2 þ 5) exhibited
diverse kinetic profiles, and the variations may be attributed to
combined effects of varying electrophilicities of the imide end
groups derived from different β-lactams and the relative acidities
of the β-lactams. Except for the pair 2 þ 3, we found that dif-
ferent monomers were incorporated at somewhat different rates.
As a result, copolymers formed from 1þ 4, 2þ 4, or 2þ 5 should
have some extent of compositional drift along the backbone. The
copolymerization reactivity ratios (r1 and r2) we obtained suggest
that copolymers should have random subunit arrangements,
except the pair of 2 and 5, which exhibits a slight tendency for
alternating copolymerization.

Theworkpresented here provides an important foundation for
understanding the biological activities of nylon-3 copolymers
generated via β-lactam ROP. The β-lactam pairs we have exam-
ined tend toward random distributions in the resulting copoly-
mers, but in some cases there may be a preponderance of one
subunit in the terminal positions. For cationic/hydrophobic
pairings intended to function as selective antibacterial agents,4-6

terminal enrichment of one type of subunit could have functional
consequences. In particular, terminal enrichment of hydrophobic
subunitsmight lead to enhanceddisruptive activity toward eukaryo-
tic cell membranes (typically detected by monitoring hemolysis), an
undesirable characteristic. The optimization of nylon-3 copolymers
for tissue engineering7 and other applications will be facilitated by
mechanistic insights of the type generated in the present study.
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