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ABSTRACT: Polymers that dissolve and conduct lithium
ions are of great interest in the application of rechargeable
lithium batteries. It is generally believed that the transport of
ions in these systems is facilitated by rapid segmental motion
typically found in rubbery, amorphous polymers. In this paper,
we demonstrate that chemically identical ethyleneoxy-containing domains of a block copolymer exhibit comparable
conductivities when in an amorphous or a crystalline state.
An important feature of this study is the use of sequencedeﬁned block copolypeptoids synthesized by submonomer
solid-phase synthesis. Two structurally analogous ethyleneoxycontaining diblock copolypeptoids poly-N-(2-ethyl)hexylglycine-block-poly-N-2-(2-(2-methoxyethoxy)ethoxy)ethylglycine
(pNeh-b-pNte) and poly-N-decylglycine-block-poly-N-2-(2-(2-methoxyethoxy)ethoxy)ethylglycine (pNdc-b-pNte) with 18
monomer units per block were synthesized. Both diblock copolypeptoids have the same conducting block, pNte, but diﬀerent
nonconducting blocks: pNeh, which is amorphous, and pNdc, which is crystalline. Both diblock copolypeptoids self-assemble
into a lamellar morphology; however, pNte chains are amorphous in pNeh-b-pNte and crystalline in pNdc-b-pNte. This provides
the platform for comparing lithium ion transport in amorphous and crystalline polymer domains that are otherwise similar.

■

INTRODUCTION
Block copolymers self-assemble into a number of nanostructured morphologies, including body-centered-cubic packed
spheres, hexagonally packed cylinders, and lamellae. Traditional
polymerization methods (e.g., controlled radical and anionic
polymerization) oﬀer limited levels of control over polydispersity and compositions of the copolymers. Polypeptoids are a
family of comb-like sequence-deﬁned polymers based on an Nsubstituted glycine backbone.1,2 Unprecedented control over
chain length and copolymer composition is enabled by the
iterative solid-phase submonomer synthesis method. 3,4
Although peptoids are structurally close to polypeptides, the
absence of hydrogen-bond donors along the peptoid backbone
results in a ﬂexible chain with reduced interchain interactions
and excellent thermal processability.5 In previous work,6,7 we
studied two ethyleneoxy-containing block copolypeptoids
pNeh-b-pNte (poly-N-(2-ethyl)hexylglycine-block-poly-N-2-(2(2-methoxyethoxy)ethoxy)ethylglycine) and pNdc-b-pNte
(poly-N-decylglycine-block-poly-N-2-(2-(2-methoxyethoxy)ethoxy)ethylglycine). In this work, we focus on symmetric
pNeh-b-pNte and pNdc-b-pNte constructs wherein the number
of monomer units in each block was held ﬁxed precisely at 18.
The chemical structures and phase behavior of these block
copolymers are shown in Figure 1. The ordered morphology of
both copolymers is lamellar with one important diﬀerence: at
© 2014 American Chemical Society

room temperature, both lamellar phases of pNeh-b-pNte are
amorphous, while both of those of pNdc-b-pNte are crystalline.
In other words, the crystallinity of the pNdc chains induces
crystallization of pNte.7 It is noteworthy that the pNte phase at
room temperature can be either crystalline or amorphous,
depending on the chemical structure of the block that it is
attached to.
Ion-containing block copolymers are of interest for many
applications, such as batteries, fuel cells, and photovoltaic
devices.8−13 Here we focus on the eﬀect of lithium salts on the
thermodynamics and ionic conductivity of these two solid
electrolyte systems. The conductivity of polymer electrolytes
has been shown to depend crucially on the presence or absence
of crystallinity.14−25 In the majority of publications it is
reported that the conductivity of amorphous poly(ethylene
oxide) (PEO) is much greater than that of crystalline
PEO.14−19 Many have argued that the conductivity of
semicrystalline salt/PEO mixtures is entirely due to the
conductivity of the amorphous regions. On the other hand,
Gadjourova et al. reported that the conductivity of oligomeric
PEO (molecular weight 1 kg/mol) in the crystalline state with
an Li to O molar ratio of 1:6 was about 10−7 S/cm at room
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Table 1. Thermal and Structural Characteristics of Diblock
Copolypeptoids pNeh-b-pNte and pNdc-b-pNte As
Determined by SAXSa
polypeptoids

r

ϕNte

d (nm)

TODT (°C)

pNeh-b-Nte

0
0.02
0.04
0.085
0.16

0.49
0.50
0.51
0.52
0.55

7.1
7.3
7.6
8.6
9.2

35
55
65
105
110

pNdc-b-pNte

0
0.085
0.16
0.24
0.40
0.60

0.45
0.48
0.51
0.53
0.61
0.65

10.8
10.6
9.2
8.7
9.5
10.7

140
135
145
155
>180
>180

a

r is the molar ratio of cations to peptoid ethylene oxide moieties; ϕNte
is the volume fraction of pNte block; d is the center-to-center distance
between adjacent pNte lamellae, d = 2π/q*; and TODT is the order−
disorder transition temperature.

Figure 1. Phase diagrams of two diblock copolypeptoids: pNeh-bpNte (a) and pNdc-b-pNte (b), with identical chain length (18
monomers per block). D is the disordered phase, L is the lamellar
phase, M is metastable phase, L′ is the lamellar phase with crystalline
pNdc, and L″ is the lamellar phase with two crystalline blocks, pNdc
and pNte. The volume fractions of the pNte block in the copolymers,
ϕNte, are given.

temperatures of poly(ethylene oxide) and polyethylene
homopolymers. This is not surprising as previous studies
have shown that the crystallization of peptoids is dominated by
their side chains.1,5 The addition of salt reduces the melting
enthalpy (ΔH) of both blocks. At r = 0.085, melting of both
pNte and pNdc can be seen, although the pNte melting peak is
reduced to a broad shoulder. At r = 0.16, a small peak
associated with the melting of pNdc domains and a very weak
signature of the melting of pNte domains are evident. At r =
0.20, both melting peaks disappear. The melting temperature of
the pNdc block is reduced from 140 to 120 °C as r is increased
from 0 to 0.16. It is evident that the addition of salt disrupts the
crystallization of both pNdc and pNte domains.
WAXS analysis conﬁrms the results of DSC, as shown in
Figure 2b. In the neat block copolymer (r = 0),25 a sharp
primary peak at q = qc* and higher-order peaks at 2qc*, 3qc*,
5qc*, and 6qc* reﬂect the spacing between the peptoid
backbones, parallel to the side chains (c, shown in Figure 3).
The peak at q = qb reﬂects the distance between two adjacent
side chains along the backbone (b, shown in Figure 3). These
lattice parameters b and c apply to both pNdc and pNte
crystals. A doublet at q = qNdc and qNte reﬂects the spacing
between the peptoid backbones of pNdc and pNte block
perpendicular to the side chains (aNdc and aNte, shown in Figure
3). All of the WAXS features persist as r is increased from 0 to
0.16 and no change lattice observed in this range (Table 2).
Our experiments thus far do not shed light on how the salt ions
are incorporated into the pNte and pNdc crystals. As r is
further increased to 0.20, all of the WAXS peaks disappear,
indicating the absence of crystalline lamellae. Interestingly, the
doublet at q = qNdc and qNte disappears simultaneously,
indicating the intimate relationship between the two crystal
phases.
While we have determined distances between some of the
atoms in our crystalline peptoids (Figure 3), many aspects of
the crystalline structure (e.g., space group) cannot be
determined from the limited number of WAXS peaks, shown
in Figure 2b. In related systems, crystallization of a peptoid
hexamer with short alkyl side chains was studied by WAXS.5
Lee et al. also studied the crystalline structure of high molecular
weight cyclic-poly(N-decylglycine).26 Although additional

temperature, while that of high molecular weight amorphous
PEO (molecular weight 100 kg/mol) at the same salt
concentration and temperature was 10 −8 S/cm.20 Past
comparisons of the conductivity of crystalline and amorphous
polymers have invariably involved changing variables that have
a strong eﬀect on ion transport, such as polymer molecular
weight, temperature, or thermal history. It is generally not
trivial to isolate the eﬀects of diﬀerent parameters, e.g., see
discussion by Henderson and Passerini.22 Here we address this
important issue by studying the conductivity of chemically
identical ethyleneoxy-containing polymers in both crystallinity
and amorphous states. The pNeh-b-pNte and pNdc-b-pNte
copolymer systems enable a direct comparison of the
conductivity of crystalline and amorphous pNte domains at
the same temperature, salt concentration, and chain length.

■

RESULTS AND DISCUSSION
The compositions of the polymer/salt mixtures studied in this
paper are given in Table 1. In both polymers, the
nonconducting polypeptoid blocks have similar chemical
structures: the pNeh polypeptoid is amorphous due to the
presence of a branched alkyl side chain, while the pNdc
polypeptoid is crystalline due to the unbranched alkyl side
chain.26 This subtle diﬀerence induces crystallization of pNte
block in the pNdc-b-pNte block copolymer.
We ﬁrst investigated the eﬀect of added LiTFSI (LiN(SO2CF3)2, lithium bis(triﬂuoromethanesulphonyl)imide) salt
on the thermal properties of both block copolymers by DSC.
The lack of melting peaks in the DSC data of pNeh-b-pNte/salt
mixtures indicates that all the mixtures are amorphous (Figure
S1). This is expected because neat pNeh-b-pNte is amorphous
over the entire accessible temperature window and the addition
of salt is known to reduce crystallinity. In Figure 2a, we show
DSC data for pNdc-b-pNte as a function of salt concentration.
At r = 0, we see two peaks due to the melting of pNte (Tm,Nte =
60 °C) and pNdc (Tm,Ndc = 140 °C) crystals.7 These melting
temperatures are within the experimental range of melting
14991
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Figure 3. Schematic structure of two crystals, where aNdc is the
interchain distance of the pNdc block, aNte is the interchain distance of
pNte block, b is the distance between adjacent monomer residues, and
c is the distance between peptoid chains. Note that c remains 2.5 nm (c
= 2π/qc*) from r = 0 to 0.16, twice the length of a fully extended decyl
group (i.e., 12.4 Å),26 indicating interdigitation of side chains is
unlikely. Dotted lines merely indicate the spacing between atoms.

(21.7 J/g pNdc) and pNdc block in pNdc-b-pNte (21.6 J/g
pNdc) are similar at rN = 0. It is therefore reasonable to assume
that the crystal structure of pNdc in the pNdc-b-pNte
copolymer is not eﬀected by pNte. It is evident from Figure
4 that in both pNdc and pNdc-b-pNte, the ΔH decreases
linearly with rN, reaching a value of 0 at rN = 0.1 and 0.5,
respectively. We assume that the salt concentration required to
melt pNdc crystals is the same in the homopolymer and block
copolymer. Thus, when rN is 0.5 in the block copolymer, the
local value of rN in the pNdc-rich microphase must be 0.1, and
that in the pNte-rich microphase is 0.4. In other words, the
partition coeﬃcient of salt in the pNte micophase relative to
the pNdc microphase is 4. We were unable to quantify salt
partitioning in the pNeh-b-pNte due to its amorphous
structure. Lacking of a better alternative, and due to the
similarity of the chemical structures, in the discussions below,
we assume the same partition coeﬃcient applies to both diblock
copolymers. The major conclusions of this work are not
qualitatively aﬀected by this assumption.
The phase behavior of pNdc-b-pNte as a function of salt
concentration was investigated by SAXS. In Figure 5, we show
SAXS data as a function of salt concentration, r, at room
temperature. The neat polymer exhibits a broad primary
scattering peak at q* = 0.58 nm−1, which reﬂects the center-tocenter distance between adjacent pNte lamellae, d = 2π/q* (d =
10.8 nm). The peak at q = 2.5 nm−1 is due to Bragg diﬀraction
from pNte and pNdc crystals. The crystals disrupt the lamellar
ordering resulting in the broad primary peak seen in Figure 5.
The SAXS from the neat copolymer is discussed thoroughly in
previous work.7 As r is increased to 0.085, a primary peak at q*
= 0.59 nm−1 and a higher-order peak at q = 3q* are visible
indicating the presence of the lamellar morphology. The
expected peak at 2q* is missing because the estimated volume

Figure 2. (a) DSC endotherms for pNdc-b-pNte at r = 0, 0.085, 0.16,
and 0.2. (b) WAXS patterns of pNdc-b-pNte at r = 0, 0.085, 0.16, and
0.2.

peaks were observed in both cases, there was still not enough
evidence to assign a space group to the crystals. Further study is
required to determine the exact crystal structure of pNdc-bpNte. Note that “chain-folded lamellae”, found in conventional
polymers, are absent; instead the peptoid chains are extended,
and crystalline backbones are tilted relative to the normal to the
block copolymer lamellae.7
The data in Figure 2 indicate that LiTFSI is soluble in pNdc.
This is not unexpected as some nitrogen-containing groups are
known to also interact with lithium salts.27 To study these
interactions, we incorporated LiTFSI salts into a pNdc
homopolymer with 20 repeat units and repeated the DSC
experiments. Data from these mixtures are summarized in
Figure 4 where ΔH, the enthalpy of melting of the pNdc peak
normalized by the mass of pNdc, is plotted as a function of salt
concentration, rN. Here rN is the molar ratio of lithium to the
backbone CO-NR2 groups. Also plotted in Figure 4 is ΔH
corresponding to pNdc melting from pNdc-b-pNte (the hightemperature melting peak in Figure 2a); in this case, rN is the
molar ratio of total lithium added to the CO-NR2 groups in the
pNdc block only. The ΔH values of pNdc homopolypeptoid
14992
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Table 2. Characteristics of the Diblock Copolypeptoid pNdc-b-pNte Obtained by WAXS and DSC
r
0
0.085
0.16

ϕNte
0.45
0.48
0.51

c (nm)
2.5
2.5
2.5

aNdc (nm)

aNte (nm)

0.46
0.46
0.46

0.45
0.45
0.45

b (nm)
0.39
0.38
0.38

Cr,Ndc (%)a
b

100%
60.1%
27.7%

Cr,Nte (%)c
100%b
74.6%
47.5%

a
Percent crystallinity Cr,Ndc is calculated by ΔH of pNdc block based on DSC data. bThe crystallinity at r = 0 is assumed to be 100%. cPercent
crystallinity Cr,Nte is calculated based on the Cr,Ndc and integrations of peaks q = qNte and qNdc from WAXS data. Directly integrating from DSC data
was not possible as the pNte melting peaks are smeared over a wide temperature window in DSC.

Figure 4. Plots of ΔH of the pNdc melting peak in pNdc
homopolymer and pNdc-b-pNte diblock copolymer (normalized by
mass of pNdc) versus salt concentration, rN, the ratio of Li: CO-NR2
of pNdc homopolymer and pNdc in pNdc-b-pNte and pNdc
homopolymer.

Figure 6. TEM image of pNdc-b-pNte at r = 0.085 showing the
lamellar morphology at room temperature.

Figure 7. (a) SAXS intensity versus scattering vector, q, for pNdc-bpNte at r = 0.085 at selected temperatures. (b)WAXS intensity versus
scattering vector, q, for pNdc-b-pNte at r = 0.085 at selected
temperatures. Proﬁles are vertically oﬀset for clarity for both (a) and
(b).

temperature to 120 °C at r = 0.085 has virtually no eﬀect on
morphology. Further increase of the sample temperature to 130
°C results in a dramatic decrease in the intensity of the
crystalline peak at q = 2.5 nm−1 and the appearance of a sharp
primary peak at q* = 0.76 nm−1 and a higher order peak at 2q*.
This indicates the coexistence of amorphous and crystalline
lamellar phases, similar to those found in neat pNdc-b-pNte.7
Further increase of the sample temperature to 140 °C results in
an order−disorder transition. The crystalline peak at q = 2.5
nm−1 disappears, and the sharp primary peak at q* = 0.76 nm−1
broadens abruptly at 140 °C. The transitions seen in pNdc-bpNte at r = 0.085 are very similar to those seen in neat pNdc-bpNte reported in ref 7 and are entirely reversible.
The SAXS data in Figure 7a do not indicate the state of the
pNte-rich lamellae. We thus examined the temperature

Figure 5. SAXS proﬁles at room temperature for pNdc-b-pNte at r =
0, 0.085, 0.16, 0.24, 0.4, and 0.6. Proﬁles are vertically oﬀset for clarity.

fraction of pNte-rich microphase is in the vicinity of 0.5. As r is
further increased to 0.16, the higher order peak at 2q* is seen
along with the crystal peak. At r values of 0.24 and higher, the
crystal peak disappears, and SAXS signatures of amorphous
lamellae are seen. The lamellar structure was conﬁrmed by
TEM. In Figure 6 we show an unstained TEM micrograph
obtained from the r = 0.085 sample. The value of d estimated
by TEM is 10 nm, consistent with 10.8 nm determined by
SAXS.
SAXS proﬁles of the sample pNdc-b-pNte at r = 0.085 as a
function of temperature are shown in Figure 7a. Increasing the
14993
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coexisting L′ and D phases. The Gibbs phase rule requires
metastable coexistence at all phase boundaries. In some cases,
the temperature steps used in this work are too crude to
quantify coexistence.
The characteristics of the pNte and pNdc crystals in the
pNdc-b-pNte copolymers with and without salt are summarized
in Table 2, where lattice parameters determined by WAXS and
% crystallinity, determined by a combination of WAXS and
DSC, at selected salt concentrations are provided. The addition
of salt does not aﬀect the lattice parameters, but it does lower
the % crystallinity.
The order-to-disorder transition temperature (TODT) of
pNeh-b-pNte increases rapidly with salt concentration r from
0.02 to 0.085 and levels oﬀ at large salt concentrations (Figure
8a). A similar eﬀect has been seen in previous work on block
copolymer polystyrene-b-poly(ethylene oxide)/salt mixtures.28,30 This indicates that the eﬀective repulsion between
pNeh-rich and pNte-rich lamellae is a strong function of salt
concentration in the low salt concentration limit. It is
customary to quantify this eﬀect by an eﬀective Flory−Huggins
interaction parameter, χeff.30 It is believed that the phase
behavior of pNeh-b-pNte/salt mixtures reﬂects the dependence
of χeff on r. The dependence of TODT on r of pNdc-b-pNte is
very diﬀerent from that of pNeh-b-pNte in spite of the
similarity of chemical structure and the fact that the chain
length is identical. The addition of salt leads to a decrease of
TODT followed by a modest linear increase. Microphase
separation in pNdc-b-pNte is dominated by the crystalline
nature of the constituent blocks. The addition of salt has a
modest eﬀect on both the L′ to L″ transition temperature and
the melting of pNte crystals in the L′ phase in the range 0.00 ≤
r ≤ 0.16. An abrupt transition is seen between r = 0.16 and
0.20. At r = 0.20 and higher, both pNte-rich and pNdc-rich
lamellae are amorphous. We posit that this is a signature of
induced crystallization.7 The formation of pNte crystals in
block copolymer pNdc-b-pNte is induced by crystallization of
pNdc chains. At r = 0.20, the pNdc is disrupted, and this in turn
disrupts pNte crystallization.
There are interesting diﬀerences in the dependence of
domain spacing on salt concentration and temperature of
pNdc-b-pNte and pNeh-b-pNte. Figure 9a shows the dependence of d on r at room temperature. We see that d increases
from 7.1 to 9.2 nm in pNeh-b-pNte, as r increases from 0 to
0.16. This is generally consistent with the notion that χeff
increases with r. The domain spacing d of pNdc-b-pNte shows
a diﬀerent dependence on salt concentration. It declines from
10.8 to 8.7 nm as r increases from 0 to 0.24. However, as salt
concentration increases further from 0.24 to 0.6, d increases
monotonically (we do not report the phase behavior of pNdc-bpNte at r > 0.24 in Figure 8b because the amorphous lamellae
are obtained at all salt concentrations and temperatures). As
established in Table 2, the crystalline lattice parameters (aNdc,
aNte, b, c) are largely unaﬀected by salt. In spite of this, there is a
signiﬁcant decrease in d of the L″ phase with increasing r. At r
values where pNdc-b-pNte is amorphous (r > 0.24), d increases
with increasing r, and the rate of this increase is similar to that
seen in amorphous pNeh-b-pNte. In Figure 9b, we show the
temperature dependence of d of both systems at r = 0.085. In
the amorphous sample, d remains constant with increasing
temperature, while in crystalline sample, d deceases with
increasing temperature. Similar eﬀects are observed in
amorphous and crystalline block copolymers in absence of
salt.31−35

dependence of WAXS data from pNdc-b-pNte at r = 0.085
(Figure 7b). A doublet at q = qNdc and qNte is evident at
temperatures below 70 °C. This indicates that the pNte-rich
lamellae are crystalline at temperatures between 40 and 60 °C.
Phase behavior as a function of salt and temperature were
investigated by SAXS experiments on pNeh-b-pNte and pNdcb-pNte. The copolymers were examined at diﬀerent salt
concentrations, and the data obtained were similar to those
in Figure 8 and our previous publications.6,7,28,29 These results

Figure 8. (a) Phase diagram of pNeh-b-pNte at various temperatures
and r, where D is the disordered phase and L is the lamellar phase. (b)
Phase diagram of pNdc-b-pNte at various temperatures and r, where D
is the disordered phase, M is the metastable phase, L is the lamellar
phase, L′ is the lamellar phase with crystalline pNdc block, and L″ is
the lamellar phase with two crystalline block. The red arrows indicate
metastable phase of L′ and D at r = 0 and L′ and L at r = 0.085. Each
marker represents a sample whose morphology was determined by
SAXS. A phase boundary is bisected markers, indicative of the phase
transition.

are summarized in Figure 8. In the case of pNeh-b-pNte
(Figure 8a), amorphous lamellar phases (L) are obtained at low
temperature, and amorphous disordered phases (D) are
obtained at high temperature. In the case of pNdc-b-pNte
(Figure 8b), the phase behavior is rich, and it includes lamellar
phases wherein both pNdc-rich and pNte-rich lamellae are
crystalline (L″), lamellar phases wherein pNdc-rich lamellae are
crystalline and pNte-rich lamellae are amorphous (L′),and
lamellar phases wherein both lamellae are amorphous (L) and
disordered phases (D). The metastable phase (M) has
14994
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lamellae are amorphous in pNeh-b-pNte regardless of temperature. This enables a direct comparison of the conductivity of
crystalline and amorphous pNte domains. Note that the relative
crystallinities (Cr,Nte) of pNte in block copolymer at r = 0.085
and 0.16 are 74.6 and 47.5% (Table 2). One expects the
amorphous lamellae to have higher conductivity based on the
conclusions in a majority of publications.15−20 The data in
Figure 10 do not support this expectation; similar conductivities are obtained in pNeh-b-pNte and pNdc-b-pNte at the
same salt concentration and temperature. In addition, the
melting of the pNte crystals in pNdc-b-pNte at L″ to L′ does
not cause a shift in the σ versus 1000/T plot. The curves in
Figure 10 are ﬁts of the data to Vogel−Tamman−Fulcher
(VTF):
σ = A exp{( −B)/(R(T − T0)}

(1)

where A is a constant proportional to the number of charge
carriers, B is equivalent to the activation energy for ion motion,
R is the gas constant, T is the temperature, and T0 is a reference
temperature which is Tg −83 K. Table S1 in Supporting
Information gives the VTF ﬁt parameters used to obtain curves
in Figure 10. In their measurement of conductivity through
crystalline PEO oligomers, MacGlashan et al. obtained an
exponential relationship between σ and 1/T.21 In contrast, we
obtained slightly curved plots of σ versus 1/T for the case of
pNdc-b-pNte (Figure 10). This suggests that the mechanisms
of ion transport in crystalline pNte-rich lamellae and oligomeric
PEO may be diﬀerent.
An interesting feature in our system is the partitioning of the
salt in both lamellae. We have established that the salt partition
coeﬃcient is 1:4 for pNdc-b-pNte. Thus, the expected salt
concentration in pNte phase, rreal = 0.8 r. In other words, the
real salt concentrations in the pNte-rich lamellae in pNdc-bpNte samples described in Figure 10 are 0.068 and 0.128,
respectively. Lacking a better alternative, we assume that the
same partition coeﬃcient holds for pNeh-b-pNte.
Interpretation of the data in Figure 10 requires quantiﬁcation
of the conductivity of salt-containing pNte, pNeh, and pNdc
homopolymers. This is done in Figure 10 where σ is plotted as
a function of 1000/T for these systems. The salt concentration
in pNdc20 and pNeh20 was ﬁxed at rN = 0.085, while the salt
concentration in pNte systems was ﬁxed at r = 0.068. The
pNte20 data present in Figure 11 were obtained by interpolation
of measurements of conductivity versus salt concentration
reported in previous work36 and Figure S5 in Supporting
Information (the other data in Figure 11 were measured
directly). It is clear that the conductivity of pNte/salt mixtures
is a weak function of chain length. Furthermore, at a given
temperature (e.g., 1000/T = 2.8), the conductivity of pNte is
about 104 times higher than that of pNdc and pNeh. To a good
approximation, the pNeh-rich and pNdc-rich lamellae are
insulating in spite of the presence of the salt.
To focus on this eﬀect of crystallization on conductivity, we
deﬁne the normalized conductivity, σn, using the equation:

Figure 9. Eﬀect of salt and temperature on the lamellar spacing; d
value plots as a function (a) of r ratios and (b) of temperatures at r =
0.085. Squares represents pNeh-b-pNte and asterisks represents pNdcb-pNte.

The ionic conductivity (σ) for both block copolymers is
shown in Figure 10 in the usual σ versus 1000/T format.28 We
measured the ionic conductivities from 40 to 90 °C at r = 0.085
and 0.16. In this range, both diblock copolymers are lamellar
but the pNte-rich domains are semi-crystalline or amorphous in
pNdc-b-pNte, depending on the temperature. In contrast, the

σn = σ /(ϕσ
)
c am,nte

(2)

where σam,nte is the measured conductivity of the pNte20/salt
mixture with appropriate salt concentration, r = 0.068 and r =
0.128 for σ measured at r = 0.085 and r = 0.16, respectively
(this accounts for salt partitioning, and ϕc is volume fraction of
the conducting pNte-rich block). The temperature-dependent
values of σam,nte (r = 0.068) and σam,nte (r = 0.128) are shown in
Figure 11 and Figure S6 in the Supporting Information. Figure

Figure 10. Ionic conductivity plots of pNeh-b-pNte and pNdc-b-pNte
as a function of temperature at salt concentrations of r = 0.085 and
0.16. The lines through the data points are VTF ﬁts.
14995

dx.doi.org/10.1021/ja5080689 | J. Am. Chem. Soc. 2014, 136, 14990−14997

Journal of the American Chemical Society

Article

nonconductive.11−13,37−41 This conclusion is based on data
obtained from semicrystalline samples with coexisting crystalline and amorphous regions. Because polymer crystallization
occurs slowly, the measured conductivity drifts with time, and it
is impossible to clearly quantify the intrinsic conductivity of
crystalline and amorphous.22 Our use of pNdc-b-pNte and
pNeh-b-pNte circumvents this problem as crystalline and
amorphous pNte chains are obtained at the same temperature
due to templating or lack thereof by the nonconducting block.

■

CONCLUSION
The structure-conductivity relationships of two types of
monodisperse diblock copolypeptoids doped with LiTFSI
have been systematically studied. The two diblock copolymers
are pNeh-b-pNte and pNdc-b-pNte that contain the same pNte
block that dissolves the salt and conducts ions and similar
nonconducting blocks: pNeh and pNdc. The chain length is
ﬁxed at 18 for each block. However, their thermal properties are
very diﬀerent: at room temperature, pNeh-b-pNte selfassembles into a lamellar structure with both amorphous
microphases, while pNdc-b-pNte self-assembles into a lamellar
structure with both crystalline phases. This allows for a direct
comparison of the conductivity of crystalline and amorphous
pNte domains. It is observed the lithium salt can partition into
the domain of pNdc blocks and disrupt its crystallization, as
indicated by DSC and WAXS. The partition coeﬃcient of
LiTFSI is 4:1 for pNte:pNdc. In general, the addition of salt can
increase the strength of segregation as indicated by increasing d
and TODT. Although the two copolymer systems have diﬀerent
thermal properties, both systems only exhibit lamellar and
disordered structures. Mixtures of pNdc-b-pNte and salt exhibit
a variety of lamellar phases including two crystalline microphases (L″), one crystalline and one amorphous microphase
(L′), and two amorphous microphases (L). Temperaturedependent ionic conductivity of pNeh-b-pNte and pNdc-bpNte at r of 0.085 and 0.16 were consistent with the VTF
equation over the entire experimental window. The intrinsic
conductivity of crystalline pNte lamellae in pNdc-b-pNte is
comparable to that of amorphous pNte in pNeh-b-pNte, at the
same temperature and at two widely diﬀerent salt concentrations. The reason for this observation is undoubtedly related
to the manner in which the lithium salt is incorporated into the
pNte crystalline phase. While considerable work remains to be
done, our work represents one of a series of steps20−25 toward
establishing the eﬃcacy of crystalline polymers for lithium ion
transport in batteries.

Figure 11. Ionic conductivity plots of homopolypeptoids, including:
pNte10, pNte20, and pNte27 as a function of temperature from 30 to
100 °C at a salt concentration of r = 0.068 and pNdc20 and pNeh20 as a
function of temperature from 90 to 110 °C and from 110 to 130 °C,
respectively, at a salt concentration of rN = 0.085. The lines through
the data points are VTF ﬁts. Ionic conductivity plot of pNte20 is
obtained by linear interpolation of measurement in Figure S5 in
Supporting Information.

12 shows temperature dependence of σn. The percent
crystallinity of pNte-rich crystals at each temperature is also

Figure 12. Plots of σn of pNeh-b-pNte and pNdc-b-pNte as a function
of temperature at r = 0.085 and 0.16. The r value is corrected with
rNte‑real that partitions into pNte blocks. The number at selected
temperatures indicate that the percent crystallinity of the pNte
domains in pNdc-b-pNte as determined by WAXS and DSC.

■

indicated in Figure 12. These percentages are based on the
measured crystallinity of neat pNdc-b-pNte (see Table 2). Note
that the pNte-rich lamellae in pNeh-b-pNte are amorphous at
all temperatures. It is evident in Figure 12 that there is no
discernible eﬀect of the melting of pNte crystals on σn of pNdcb-pNte; values between 0.25 and 0.45 are obtained. Normalized
conductivity of the fully amorphous pNeh-b-pNte systems
ranges from 0.1 to 0.3. The quantitative diﬀerence between the
diﬀerent systems seen in Figure 12 may be related to eﬀects
such as connectivity of conducting lamellae, the extent to which
nonconducting segments are excluded from the conducting
domains, interfacial width, etc. The main conclusion from
Figure 12 is that crystalline and amorphous pNte domains have
comparable intrinsic conductivity at the same chain length,
temperature, and salt concentration. Overwhelming evidence
indicates that crystals of high molecular weight linear PEO are
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