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ABSTRACT: The influence of pH and ionic strength on the structure and properties of hydrogen-bonded layer-
by-layer (LbL) assemblies of poly(ethylene oxide) (PEO) and poly(acrylic acid) (PAA) is explored. The degree
of inter- and intramolecular hydrogen bonding is estimated from Fourier-transform infrared spectroscopy, the
glass transition temperature is measured using differential scanning calorimetry of bulk free-standing films, and
ionic conductivity is studied using electrochemical impedance spectroscopy. Results indicate that (PEO/PAA)
LbL films assembled without added salt are sensitive to pH, willj decrease (5926 °C) and intermolecular
hydrogen bonding increase (27 to 51% COOH groups bonding with PEO) with increasing assembly pH (2 to 3).
Films assembled in the presence of 0.1 M lithium triflate exhibit properties independent of assemfly$H (
48°C and 12% COOH groups bonding with PEO), presumably due to the “screening” of hydrogen bonds. lonic
conductivity is found to range from 18to 1071° S cn?, depending on humidity, plasticization, and salt content.

Introduction

Hydrogen bonding between two macromolecular species gives
rise to a breadth of interesting superstructures observed in nature

interpolymer complexek;® and layer-by-layer assembli&s’.

While hydrogen-bonding interactions between a proton-accept-

ing and a proton-donating monomer may be small-{10 kcal/

mol), the sum of these interactions, from the association of

polymeric species, is sufficient to produce a stable complex.

A simple and easy means of creating stable hydrogen-bonded

thin films is the layer-by-layer (LbL) assembly technique, where

a substrate (e.qg., silicon, PTFE, ITO) is alternately exposed to

aqueous solutions of proton-donating and -accepting polytmérs.

In general, these thin films appear to behave as miscible blends,
where each “layer” of deposition produces an interdigitated

morphology?~1! yielding properties similar to solution-cast
complexes.

Hydrogen-bonded LbL multilayers of proton-donor poly-
(acrylic acid) (PAA) or poly(methacrylic acid) (PMAA) and

approaching amorphous PEQiTriflate (~107¢ S cnt1),20.21
given that hydrogen-bonding interactions suppress PEO crystal-
lization. A single assembly pH was investigated, and the reported
dry conductivities of the LbL assemblies (7% relative humidity
(RH), 25 °C), even when doped with lithium triflate, were
~10710S cnm 112 The reason for the discrepancy was not well
understood at that time, but some hypoth&egere sug-
gested: (i) a high glass transition temperature, leading to a
glassy” matrix and low charge carrier mobility, (ii) a high cross-
link density, decreasing segmental motion, and (iii) low PEO
content, where PAA dilutes ion-conducting PEO. However, at
that time little was known of the composition, structure, and
materials properties of the adsorbed multilayers because film

“

isolation proved challenging.

Recently, the authors reported a nondestructive “peel-away”
techniquel? for successfully isolating hydrogen-bonded LbL
films of sufficient mass ¥ 20 mg) and area>4 in?) to study
the glass transition temperature, modulus, and dynamic me-

complementary proton-acceptor poly(ethylene oxide) (PEO) chanical relsoponse of “neat” (without lithium salt) (PEO/PAA)
have been recently explored as solid polymer electrolytes, drugMultilayers:®Of note, PEO crystallization was suppressed, and

delivery vehicles, and responsive capsufes® To create stable
hydrogen-bonded films (2090 nm thickness per layer pair),

a single glass transition temperaturgy)( that varied with
assembly pH was reported. Thg—pH dependency was

an acidic assembly pH is required to suppress the ionization of Proposed to be related to the intra- and intermolecular hydrogen

the poly(carboxylic acid), and above a critical pH, film assembly
is unfavorable owing to negative electrostatic repulsion §H
3.6 for PEO/PAA and pH-= 4.5 for PEO/PMAA)L2 Conversely,

a stable LbL film may be “erased” when the solution pH is
greater than the critical pH:*6Other reports of hydrogen bond
destabilization within multilayer films detail the creation of a
microporous morphology’—1°

The marked stability of these films in the dry state led to the
investigation of (PEO/PAA) multilayers in electrochemical
devices as solid polymer electrolytes. DeLongchamp éf al.
proposed that lithium-doped hydrogen-bonded LbL films con-

bonding of PAAI® A more recent repott investigates the effect

of hydrophobic interactions within multilayers of PAA and
hydrophobically modified PEO, where alkyl groups end-capped
the PEO chain. In these previous studies, the influence of salt
addition upon materials properties and pH-dependency of (PEO/
PAA) films was not explored. This understanding is critical for
the design of LbL electrolytes with sufficient charge carrier
concentrations for electrochemical applications.

Here, we examine and estimate the degree of intra- and
intermolecular hydrogen bonding of PAA within hydrogen-
bonded (PEO/PAA) multilayers assembled at varying pH and

taining PEO might possess room-temperature conductivities ionic strength. Films assembled in the presence of 0.1 M lithium
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triflate are compared to those assembled without, and the
resulting properties (e.g., glass transition temperature, ionic
conductivity) are found to be quite unique. The presence of
added salt appears to encourage dimerization of PAA and
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Figure 1. Dry cycle thickness of neat (PEO/PAA) and (PEO/PA#) 4000 3000 2000 1000
multilayers on silicon with varying assembly pH 2.00 to 3.25. Total Wavenumber (cm™)
thickness was measured using profilometry and averaged over a samplgsjgyre 2. Sample FTIR spectra of neat (PEO/PAA) and (PEO/
30 layer pairs thick. PAA)L multilayers assembled at pH 3 on IR-transparent silicon. Both

. . N . ) spectra show evidence of PEO, PAA, and hydrogen-bonding interac-
weaken PEGPAA interactions, yielding PAA-rich films with tions. Inset is of the Sregion, ~1040 cnr,

an elevated glass transition temperature. Additionally, when
assembly pH was varied, a maximum dry ionic conductivity of i i " Neat
lithium triflate-doped films (assembly pH 3.0) was observed,
~1078 S cnT! (0% RH, 35°C). These results support the
previously proposed hypothesis regarding the pH dependency
of intra- and intermolecular hydrogen bonding of PAAyhere

the two interactions compete within neat (PEO/PAA) multilay-
ers. Also, findings from FTIR spectroscopy, differential scanning
calorimetry (DSC), and electrochemical impedance spectroscopy
(EIS) are compared to reports of solution-cast PEO/PAA
complexes. .

1900 1800 1700 1600 1500
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Results and Discussion

Multilayer Growth' '_I'he Iayer-pai_r, or cycle, thickness for Figure 3. FTIR spectra of the carboxylic acid region of neat (PEO/
LbL systems varies widely depending on the type of system paa) multilayers assembled at pH 2:08.00 on IR-transparent silicon.
chosent22324pPrevious work by DeLongchamp et'glindicated The two peaks+1710 and 1740 cri) appear to decrease and increase

that modest addition of salt<(0.5 M LiCFsSO;) enhances the  in intensity, respectively, as assembly pH increases.
cycle thickness of hydrogen-bonded multilayers of PEO and
PAA, an effect attributed to screening-enhanced adsorption; ~ The difference in cycle thickness between neat (PEO/PAA)
however, this phenomenon was only investigated at a singleand (PEO/PAA)ri systems suggests that the nature of
assembly pH, 2.5. In this case, the layer-pair thickness may beintermolecular hydrogen bonding between PEO and PAA
interpreted as an indicator of the strength of intermolecular changes in the presence of added salt. The presence of 0.1 M
interaction, where weaker interactions between polymers A and salt results in thicker films because intermolecular hydrogen
B result in thicker, lightly cross-linked (A/B) LbL film&223.24 bonding may be effectively shielded, or weakened, leading to
To understand the effect of added salt and assembly pH uponchain conformations containing many loops and tails. Also, any
the layer-pair thickness in hydrogen-bonded LbL assemblies, COO™ functional groups present at these conditions may be
two systems were investigated: neat (PEO/PAA) and (PEO/ shielded in the presence of lithium triflate.
PAA)itif, where “neat” (PEO/PAA) refers to films assembled FTIR Spectroscopy Analysis.To further understand the
in the absence of added salt and (PEO/PAv) refers to films structural state of PAA and PEO within the LbL film, Fourier-
assembled in baths containing 0.1 M LisS0;, lithium triflate. transform infrared (FTIR) spectra of neat (PEO/PAA) and (PEO/
The thickness of the dry LbL films, 30 layer pairs each, PAA)uri multilayers in dry nitrogen were collected for films
assembled at varying pH was measured using profilometry, andassembled at pH ranging from 2 to 3. Sample spectra of films
the cycle thickness was calculated by simply dividing total film assembled at pH 3 are shown in Figure 2; here, the presence of
thickness by the number of cycles (Figure 1). Observed neatPEO and PAA is clear in both systems. Peak positions at 850,
(PEO/PAA) layer-pair thicknesses coincided with those earlier 1060-1120, and 11261170 cnt?! are similar to G-O—C
reportedi? where cycle thickness was 890 nm from pH 2 to stretch and Chirock peaks reported for PEO in its amorphous
2.75 and decreased to 60 nm per cycle at assembly pH 3.25state (855, 1107, and 1140 ch.?® Also, strong absorption at
This decrease results from the partial ionization of PAA at higher 1700-1750 cn1tis indicative of carbonyl €O stretching’2°
pH, yielding a “modulation window” where film formation is  typical of poly(carboxylic acid)s such as PAA, and evidence
hindered by electrostatic repulsi&hin contrast, (PEO/PAA) of hydroxyl—-hydrogen bonding is demonstrated by the broad
multilayers were generally thicker than their neat counterparts, absorption peak~3100 cnr1.3%3! Fiims assembled in the
and cycle thickness decreased from 126 to 50 nm at assemblypresence of LiCESQ; exhibited increased absorbance near 1040
pH 2.00 to 3.25, where a modulation window was also observed. cm™* attributed to S@(Figure 2 insetf?3?suggesting that some
The presence of this effect suggests that the ionization of PAA amount of lithium triflate is incorporated within the (PEO/
(pKa = 5.5-6.5)225 even in the presence of 0.1 M salt, is PAA) i film.
sufficiently strong so as to suppress film formation at elevated  The carboxylic acid region, which is1700-1750 cnt? for
pH > 3. COOH and~1550 cnr?! for COO™ 132729 was of particular
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Figure 4. FTIR spectra of the carboxylic acid region of (PEO/PA#y) calculated using ref 33, for (PEO/PAA) and (PEO/PA#) multilayers.
multilayers assembled at pH 2:08.00 on IR-transparent silicon. Peaks  Intermolecular H-bonding COOH areazsd(arearidar + arearag).3*
locations ¢-1714 and 1740 cnt) and intensity appear to be relatively  The areas were calculated assuming the summation of two Gaussian
invariant despite increasing assembly pH. peaks, as described in the text. The absorptivity coefficient used in
these calculations was that of an EMAA/EPO bléhdyhich may
interest because it describes the state of PAA within the LbL ntroduce error as described within the text.
film. Figure 3 presents a peak with two featureslf10 and
~1740 cn!) that was observed in neat (PEO/PAA) systems. not e identicallya, = 1.6 (EMAA/EPO blend! for this
Given the work of Coleman and Painter et®i334the lower- particular system (PEO/PAA LbL film). The absorptivity
wavenumber peak~1710 cm?) is attributed to the intra-  cpefficient of PEO/PAA is unknown.
molecular hydrogen bonding of PAA, where two carboxylic acid
groups form a dimer. The higher-wavenumber peald {40
cm1),31.34 associated with intermolecular hydrogen bonding,
can be attributed to aciekether interactions between PAA and
PEO. The position of the two peaks remained constant at-1711
1713 and 17391740 cnt! with assembly pH. Qualitatively,
the 1711 cm? peak intensity appears to decrease relative to
1740 cn! intensity as assembly pH increases. A weak, broad
peak near 1600 cm is present for samples prepared at pH 2.50,
2.25, and 2.00, but the meaning of this phenomenon is unclear.
Also of note, a LT —COO™ peak (~1550-1570 cnt?, broad
and strong®®35was not observed in either of the investigated

3.0

This analysis suggests that the addition of lithium triflate to
each dipping bath promotes intramolecular hydrogen bonding
of PAA, which may explain the observed cycle thicknesses
discussed previously. (PEO/PAA): multilayers exhibited
greater cycle thicknesses, which points to weaker intermolecular
hydrogen-bonding interactions relative to neat (PEO/PAA)
systems. From FTIR, the degree of intermolecular interaction
was estimated, where films with added salt have significantly
less (12-15% intermolecular H-bonding COOH) PE®AA
hydrogen bonding as compared to neat (PEO/PAA) multilayers
(27—51% intermolecular H-bonding COOH, depending on pH).
(PEO/PAA) systems. This hypothesij syggﬁstsfthat inter- arr:d intr(;ely?jlemlﬂ?r interag-

Films of (PEO/PAA)iti were characterized in a similar tions compete during film ormaﬂon,w ere added salt ‘screens

PEO-PAA hydrogen bonding regardless of assembly pH.

manner. Spectra in the COOH region (Figure 4) exhibit a similar : . . .
shape to those observed in the neat (PEO/PAA) system (Figurel—st%l:l? nghTIciospeencggzg?npyoﬁlgii ':;Tg:gﬁg?tﬁﬁ;iﬁ?g‘\?eﬁgﬁ
3). Here, too, a peak with two features positioned at 714 yarog g '

1 o cross-link density of the multilayer systems is unknown because

1711751;“ }7391?41 cm* was observed. Quahta’uyely, the the fraction of PEO monomer units participating in hydrogen
~ cm! peak intensity decreased only slightly with respect bonding could not be quantified using this analvsis
to the ~1739 cn1! peak intensity as assembly pH increased. onding ) q i 9 ysIS. )

Assuming the observed peaks may be modeled as the For comparison, solution-cast blen_ds of PEG gnd PAA with
summation of two Gaussian curves, each contribution may be N0 added salt_ both demonstrated intra- and intermolecular
separately estimated (Figure 1 of the Supporting Information). nydrogen bonding via FTIR spectroscopy (1706 and 1732'cm
From the calculated area of each Gaussian contribution, theespectivelyf® where the addition of PEG was shown to disrupt
percentage of COOH groups participating in intermolecular cycllc_ dimers and to favor the formation of aeidther hydrogen
hydrogen bonding (or “free” COOH) (Figure 5) is calculated Ponding.
using the following relationship from Coleman et & .inter- Of note, PAA in electrostatically assembled LbL films is
molecular H-bonding COOH: arearzsd(arearidar + arearag). known to further ionize within the film, as PAAKy decreases
In this case, the absorptivity ratia, was assumed to be similar  to accommodate electrostatic cross-linking with polyamiés;
to Coleman’s value reported for methacrylic acid copolymer however, in hydrogen-bonding systems, the ionization of PAA
(EMAA)/polyether blends (EPO)af = 1.6)3! For the neat within the film is unfavorable, as it may compromise film
(PEO/PAA) system, the percentage of COOH groups participat- stability1316From FTIR, the absence of the CO®and (1550
ing in intermolecular hydrogen bonding increases (27 to 51%) cm™1) in both (PEO/PAA) systems indicates that PAA is present
with increasing assembly pH (2 to 3, respectively); on the other in its fully protonated form and is capable of hydrogen bonding
hand, for the (PEO/PAA)ri system, 12-15% of COOH with PEO. To disrupt (PEO/PAA) multilayer stability, exposing
groups participate in intermolecular hydrogen bonding, inde- the as-made LbL film to water at pH 3.6 results in complete
pendent of assembly pH. For comparison in neat PMAA/PEO deconstruction, where PAA is-B% ionized!® When ionic
LbL films (assembled at pH 2), Sukhishvili and Graritk  strength is increased, this critical pH of deconstruction increases
estimate that 10% of carboxylic acid groups are intermolecularly (i.e., stability increases) because added salts appear to screen
hydrogen-bonded, though it should be noted that these measurethe ionized PAAL316 The onset of pH stability for this system
ments were performed inJD. Possible error in the analysis is similar to those reported for solution complexes of PEO and
may arise from the assumed absorptivity coefficient, which may PAA 26.36
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Figure 6. DSC trace (second heating scan) for 100 layer pa8 ( assembly pH, whereas th&, of the neat (PEO/PAA) system

um thick) of neat (PEO/PAA) and (PEO/PAALITrif multilayers  decreases with increasing pH. Thgis estimated from the second

assembled at pH 2.75. Both films exhibit a single glass transition, and peating scan.

the Ty is estimated from the inflection point of the sigmoidal region.

The melting peak of neat PEG465 °C, is absent in LbL films. When LbL assembly pH varies from pH 2 to pH 3.25, the

Thermal Properties and Composition. Given varying glass transition temperature of the neat and the lithium triflate
degrees of acidether hydrogen bonding, as evidenced above, systems each vary in a different manner (Figure 7). Neat (PEO/
the glass transition temperature and composition of PEO/PAA PAA) multilayers exhibit aTy that decreases with increasing
multilayers are expected to reflect these interactions. The thermalpH (59 °C at assembly pH 2 and 2€ at pH 3), as previously
properties of neat (PEO/PAA) and (PEO/PAA) films described? however, (PEO/PAA)r: multilayers exhibit aTg
assembled at pH 2 to pH 3.25 were investigated using DSC. (48—54 °C) that is relatively invariant of assembly pH. Of note,
LbL films (100 layer pairs ranging from 6 to Xdm thick) were the Ty of neat (PEO/PAA) multilayers assembled at pH 3.25
assembled atop a polystyrene substrate, peeled away, and usecharied widely, as shown by the breadth of the error bar in Figure
for analysis. Samples were cooled+80 °C, heated to 105C 7, likely a result of the film's instability at this condition. In
at 10 °C/min, held at 105°C for 5 min, and cooled back to  some samples, two glass transition temperatures where observed
—90°C at the same rate. This procedure was repeated for threefor neat (PEO/PAA) systems assembled at pH 3.25, which
thermal cycles. During the first heating cycle, a glass transition suggests some degree of phase separation at this condition.
was observed followed by a broad endothermic peak attributed These films also exhibited an opaque appearance, and optical
to the desorption or evaporation of water{@wt % water from microscopy demonstrated phase separation within the film on
TGA); second and third scans both yielded identical scans with the micrometer scale.

a single glass transition at a temperature above the first cycle’s The behavior of theély of neat (PEO/PAA) multilayers is
Tg, and the endothermic peak observed in the first heating scanbelieved to be caused by the tendency of PAA to intramolecu-
was absent (Figure 2 of the Supporting Information). Data and larly hydrogen bond® For instance at pH 2, much of the
analysis presented here apply to behavior observed during thecarboxylic acid functional groups are occupied via intramo-
second heating cycle. lecular hydrogen bonding (or dimer formation), and few COOH

A typical thermal response from DSC for both neat (PEO/ groups are available for intermolecular hydrogen bonding with
PAA) and (PEO/PAA)i LbL assemblies is shown in Figure PEO. Recall that at assembly pH 2 FTIR results indicated that
6. In the temperature range investigated, both LbL systems27% of PAA units participate in hydrogen bonding with PEO.
(assembled at pH 2.75) exhibit a single glass transition tem- To compensate for the lack of “free” PAA acid groups (i.e.,
perature (35 and 5TC for neat (PEO/PAA) and (PEO/PAAit COOH groups H-bonding with PEO), the film will be enriched
multilayers, respectively). A melting peak for PEO (&%) was with PAA and the glass transition temperature will shift toward
not observed in either LbL system. that of PAA (99°C). As assembly pH increases from 2.00 to

Because the thermal trace of (PEO/PAA) LbL assemblies 3.25, intermolecular hydrogen bonding becomes more favorable
appears similar to that of neat (PEO/PAA) multilayers, previous relative to intramolecular hydrogen bonding: the amount of PEO
findings'® may be extended to this new system. The absence ofwithin the film increases andy decreases. For example, at
a melting peak suggests that PEO within the film is amorphous, assembly pH 3, the fraction of PAA units hydrogen bonding
rather than crystalline. Also, the presence of a single glasswith PEO increases to 51%, afigdecreases to 2&C. Though
transition temperature (5, (PEO/PAA);ti assembled atpH  PEO was once thought to be the dominant component in PEO/
2.75) indicates that this LbL film, consisting of PEO, PAA, and PAA LbL films,*? the observed glass transition temperature
lithium triflate, behaves as a miscible blend. For comparison, reflects a miscible blend that is rich in PAA.
the observedy of PEO (MW= 4 x 1(f) and PAA (MW = When lithium triflate is present in each assembly bath, the
90 000) is—56 and 99°C, respectively® Further evidence of ~ multilayers’ glass transition temperature remains constant with
miscibility was given by the clear, transparent appearance of respect to assembly pH (Figure 7), but the reason for this
the film. Observed changes in the glass transition temperaturebehavior is not well understood. We believe that the conforma-
are indicative of corresponding changes in PEO content, which tion of each polymer in 0.1 M LiC§SG; solution may play a
decreases in films assembled in the presence of ionic strengthkey role. PAA in a solution of moderate ionic strength may be

Similar results have also been observed for solution-cast sufficiently shielded such that intramolecular hydrogen bonding
blends of PEG and PAA, where these hydrogen-bonded blends,is promoted. At such high ionic strength, the solution structure
miscible over the entire composition range, exhibitel, hat of PAA is highly shielded (coiled sphefand may not change
was composition-dependent and intermediate between those ofippreciably in the pH range investigated. In a similar solution
the pure constituent polymef%3” environment, the hydrodynamic radius of PEO will decrease
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with increasing ionic strength but will remain constant with
changes in solution pPf.The presence of lithium cations, which

CPEz

can interact with EO units via ion-dipole forces, may compete 5 10° ————— -

with PEO-PAA intermolecular hydrogen bonding, thus “shield-

ing” the hydrogen-bonding interaction. Even when the assembly -410°

pH is varied (in 0.1 M LiCES0;), this “shielding” appears to i
consistently inhibit PE©PAA intermolecular interactions, E"J‘ 10°F °

noted in FTIR spectroscopy studies (Figure 5). (PEO/RAA) N " 9.
assemblies exhibited COOH spectra and intermolecular hydro- Z i 5

gen bonding (1215%) that remained relatively constant despite 1105 1505 ikl oH25
variation in assembly pH. Also, recall that from FTIR spec- /" '\, * pH3.0|
troscopy COOH is fully protonated and no ionization (CQO 0 . : : -
was observed. 0 110° 210° 310° 410° 510°

From observed variations ifig, one might expect a similar ZRea,

response in f,'lm composmon. The Fox eqlﬁa“or‘ 'may be used Figure 8. Nyquist plot (expanded axes are inset) of neat (PEO/PAA)
to roughly estimate film composition, assuming an ideal polymer and (PEO/PAA)r multilayers (both assembled at pH 3) in a dry,
blend with no interaction®} however, the presence of hydrogen  argon-filled glovebox at 35C. The cell consisted of 30 layer pairs of
bonding constitutes a molecular interaction that may cause LbL film sandwiched between blocking electrodes, ITO and Au.
deviation from ideality®® For this reason, the detection of Yoltage amplitude was 100 mV, and frequency range was 5 MHz to

" : . 0.1 Hz.
composition via elemental analysis was attempted.

LbL films were analyzed for carbon, hydrogen, and oxygen ranged from 10%2to 10710 S cnt?, where the low conductivity
content, but results appear inconclusive. For changes in nealyas attributed to a high (but at that time unknown) glass
PEO/PAA multilayer composition, carbon, hydrogen, and ransition temperature, hydrogen-bond cross-links, and poor
oxygen content is expected to vary from 50.0, 5.6, and 4_4.4% segmental motiof? Here, changes in compositioffy, and
(pure PAA) to 54.5, 9.1, and 36.4% (pure PEO), respectively. intermolecular hydrogen bonding (observed via FTIR and DSC)
From the Fox equation, it is estimated that the composition of 5. expected to influence ionic mobility and charge carrier

neat (PEO/PAA) films assembled at pH 2.00 and pH 3.00 to
be 25 and 46 mol % PEO, respectively. Also, the carbon,
hydrogen, and oxygen content in this pH range is expected to
vary from 50.8 to 51.5, 6.2 to 6.8, and 43.1 to 41.7 wt %,
respectively. Unfortunately, analysis errerQ.3 wt %) exceeded
the projected variation in composition. For example, neat (PEO/
PAA) multilayers assembled at pH 2.5 gave a composition of
51.2% carbon, 6.7% hydrogen, and 42.2% oxygen, which
corresponds to a composition of 45wt % PEO based upon
hydrogen content and accounting for 0.3 wt %. Multilayer
film composition calculated from elemental analysis for both
systems is summarized in Figure 3 of the Supporting Informa-
tion. Overall, PEO content within (PEO/PAA) LbL films
detected using elemental analysis ranges from 28 to 50 wt %
PEO. For solution-blends of PEO and PAA, isolated
precipitate was reported to be 52 wt % (64 mol %) PEO without
pH adjustmer or 35-45 wt % (25-33 mol %) PEO when
pH < 436

Films assembled in the presence of lithium triflate (LiEF
SG;) were also investigated for sulfur, from which the atomic
lithium content was estimated. For example, (PEO/RAw)
multilayers assembled at pH 2.5 contained 0.78 wt % sulfur,
yielding an atomic lithium content of 0.1F 0.06 wt %. For
(PEO/PAA) it multilayers, it was estimated that LbL films
assembled at pH-23 contain 0.+0.3 wt % lithium (Figure 4
of the Supporting Information), which roughly corresponds to
EO:Li ratios of 13:1 to 28:1 (i.e., very low).

Electrochemical Impedance SpectroscopyFirst studied!
of conductivity within electrostatic LbL assemblies suggested
that ion transport within multilayers was enhanced in hydrophilic
LbL interiors and humid (plasticized) conditions. In light of the

concentration, ultimately affecting ionic conductivity.

Electrochemical impedance spectroscopy was performed on
LbL films (30 layer pairs, 24 um thick) assembled at pH-23
with or without lithium triflate in a dry, argon-filled glovebox
using an ITQLbL|Au cell (see Supporting Information). PEO
is known to conduct ions via a “rocking-chair” mechanism,
where the alkali lithium cation is readily solvated by the ether
oxygen and segmental motion and local relaxations aid in
mobility.*? Conductivity from PAA is attributed to protons via
dissociation (though limited in dry conditiod3)or cations via
counterion hopping (though limited when PAA is fully proto-
nated). In a (PEO/PAA) LbL film, ionic conductivity is expected
to be primarily a result of cation interaction with and mobility
within PEO.

Both neat and lithium triflate systems exhibited a similar
impedance response or Nyquist plot (Figure 8, assembly pH
3.00). At high frequencies, a depressed semicircle was observed;
at low frequencies, a slanted near-vertical line was sometimes
observed. Systems with higher impedance (less conductive) did
not display the low-frequency vertical line because the imped-
ance response of the system exceeded the limits of the analyzer.
The observed response may be modeled by an equivalent
circuit*®44 consisting of a resistor R and constant phase
element (CPB in series, followed by a resistor §Rand
constant phase element (G parallel (Figure 8). Here, R
is considered the resistance of the blocking electrodes and wires,
CPE is a nonideal double layer,,Rs the resistance of the LbL
film, and CPE describes bulk polarization of the LbL film. The
conductivity of the system is calculated using= L/(R:A),
wherelL is the thickness of the LbL film and is the active
area (6 mr).

previous assessment, the ionic conductivity of hydrogen-bonded The dry (0% RH) conductivity of neat (PEO/PAA) multi-

multilayers with and without added salt is expected to reflect
changes in assembly pH, salt content, and plasticization.
Previous work by DeLongchamp et al. focused on (PEO/PAA)
films constructed at a single pH (2.5), where a maximum
conductivity of 1.3x 1075 S cnt?! (52% relative humidity,
25 °C, 1.0 M added salt) was report&Dry conductivities

layers assembled at pH-8 was 101°to almost 10° S cntt
(Figure 9), and maximum conductivity detected was«(3) x
10710 S cn1! for an LbL film of neat (PEO/PAA) assembled
at pH 2.75. In this system, the charge carrier is believed to be
residual ions (from assembly pH adjustment) or protons. The
general increase in conductivity, when assembly pH varies from
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Figure 9. lonic conductivity of neat (PEO/PAA) and (PEO/PAA) Figure 10. lonic conductivity of neat (PEO/PAA) and (PEO/PAA)
multilayers of varying assembly pH measured at 0% RH and@5 multilayers of varying assembly pH measured at 53% RH an8i25
The ionic conductivity was estimated from R the equivalent circuit Measurements were performed in a humidity-controlled vessel using
described above. Measurements were performed in a dry, argonmagnesium nitrate hexahydrate. The ionic conductivity was estimated
glovebox. from R; in the equivalent circuit described above.

210 2.75, may be attributed to the inclusion of more amorphous (PEO/PAA) LbL films contain few, if any, free ions (no ash
PEO within the LbL film. From DSC,Ty decreases with left in elemental analysis), whereas (PEO/PA#A) LbL films
increasing assembly pH; thus, PEO content increases withcontained 0.£0.3 wt % atomic lithium. At 53% RH, the
increasing assembly pH. Also, conductivities reported here influence of charge carrier concentration is clearly evident,
(measured at-35 °C) were higher than DeLongchamp’s neat where (PEO/PAA)r multilayers are 100 times more conduc-
film of (PEO/PAA) assembled at pH 2.5, ¢4 10711 S cnrt at tive; at 0% RH, the effect of charge carrier concentration on
25 °C).12 This discrepancy may be explained by the measure- ionic conductivity is not observed until assembly pH is above
ment conditions, where elevated temperature increases conduc2.75. The presence of water (humidity) increasesd promotes
tivity via either an Arrhenius or a VogelTamman-Fulcher local relaxations and segmental motion that are key to increasing
relationship?2 ionic conductivity. Together, an LbL film that is both plasticized
The dry conductivity of (PEO/PAA)ri assemblies was also  (via water) and doped (via LiGBOs) will yield a conductivity
investigated (Figure 9). Conductivity ranged from below40 that is 106-1000 times higher (depending upon assembly pH)
to above 108 S cnt! as pH ranged from 2.5 to 3.0. Maximum than its dry and undoped counterpart. For example, the
conductivity was (1.6+ 0.2) x 108 S cnT! at pH 3 and conductivity of neat (PEO/PAA) at 0% RH wasx3 10710 S
35 °C. Here, conductivity increases with pH, even though the cm1, and that of (PEO/PAA)ri at 53% RH was 1.1 1077
observed glass transition temperature (via DSC) remains S cnt!, each assembled at pH 3.00. Figures 5 and 6 of the
relatively invariant. One explanation may be that the charge Supporting Information describe the EIS humidity response of
carrier (Li") concentration increases with assembly pH, though neat (PEO/PAA) and (PEO/PAA}):s multilayers.
this hypothesis was not conclusively verified via elemental In general, conductivity did not vary appreciably with

analysis. assembly pH. One possible explanation is that the extent of
In comparison, solution-cast blends of PEO and lithium hydrogen-bonding interactions, high enough to yield a stable
triflate of ether to lithium ratios similar to (PEO/PAAyi films LbL film, causes the film to behave as a cross-linked matrix

(13:1 to 28:1) demonstrate dry room-temperature conductivities where polymer backbones are essentially “pinned down”. Also,
slightly above~1077 S cnm1,40 which is 10 times higher than  observed conductivity was below that of solution-cast PEO
the maximum conductivity of (PEO/PAA} assemblies, mixed with lithium triflate (106 S cnT1);20.21this difference is
~1078 S cnTl. This difference suggests that the presence of probably caused by the presence of PAA (which essentially
PAA within the film may “dilute” the conductive media (PEO), dilutes the conductive medium and acts as a charge trap), poor
thus increasindy and lowering the conductivity. segmental motion of the LbL film (higiTy), and the low
The impedance response of both systems was also investi-concentration of carrier ions. Suggested means of improving
gated in a humidity-controlled box maintained at 53% RH, conductivity in dry LbL films are (i) increasing the concentration
where LbL films absorb water, which acts as a plasticizer, from of added salt within each bath or adding salt after assembly
the humid environmerff In this case, the impedance response (increasing charge carrier concentratidhiii) adding a liquid
was similar to measurements performed in the dry state andplasticizer (loweringlg, increasingt), and (iii) increasing PEO
could be modeled using the same equivalent circuit. The content.
calculated conductivities (Figure 10) were measured with A preliminary attempt to improve the dry-state conductivity
varying assembly pH for neat (PEO/PAA) and (PEO/PA¥Y) included soaking a (PEO/PAA) LbL film, assembled at pH
systems. Results demonstrate that at pH 3.0 assembly condition8.0, in 0.1 M lithium hexafluorophosphate in propylene carbon-
(PEO/PAA) i LbL films are 100 times more conductive than ate (LIPR/PC). This combination was chosen as a strategy to
neat (PEO/PAA) LbL films (107 vs 10°° S cnm'?, respectively) enhance performance via added salt and increased plasticization.
at 53% RH and that conductivity appears to be independent of Conductivity increased from (146 0.2) x 1078 S cnt! for an

assembly pH. untreated film to (1.5 0.2) x 1077 S cnt! for a film soaked
The differences observed between the two systems at 0% andn LiPF¢/PC for 24 h, a 10-fold improvement.
53% RH are explained by the relationship= ngu,*? whereo A similar preliminary investigation was conducted for neat

is ionic conductivity,n is the number of charge carrierg,is (PEO/PAA) LbL films, assembled at pH 3. Following a 24 h
electronic charge, and is the mobility of the charge carriers.  soak in LiPR/PC, dry-state conductivity increased from (3.0
For example, adding lithium triflate to each assembly solution + 0.6) x 1019 to (2 & 1) x 107 S cnt?, a 10000-fold

increases so ionic conductivity is expected to increase. Neat improvement. The large improvement is attributed to the
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inclusion of LiPR within the film from the soaking solution
and plasticization from PC. Of note, the conductivity of soaked
neat (PEO/PAA) LbL films was 10 times greater than soaked
(PEO/PAA) i films (106 vs 1077 S cn1l, respectively). One
hypothesis for this difference is that neat (PEO/PAA) films
contain substantially more PEO than (PEO/PA#y) films at
assembly pH 3.0. Qualitatively, free-standing films of both sys-
tems, treated with LiP#PC, were flexible, cohesive, and elastic.

Conclusion

In this work, the nature of hydrogen-bonding interactions
within neat (PEO/PAA) multilayers was compared to those of
films assembled in the presence of 0.1 M lithium triflate at a
range of assembly pH. (PEO/PAA): multilayer cycle thick-

ness was greater than neat (PEO/PAA) films, an indication of

suppressed acieether hydrogen-bonding interactions in the
presence of added salt. From FTIR spectroscopy;1B%o of
PAA monomer units participated in intermolecular hydrogen
bonding within (PEO/PAA)ri multilayers, independent of
assembly pH; in neat (PEO/PAA) multilayers, intermolecular

hydrogen bonding increases with assembly pH (27% at pH 2

and 51% at pH 3). This implied that for neat (PEO/PAA)
multilayers the PEO composition will increase with assembly
pH; for (PEO/PAA)imi Systems, the PEO composition is
expected to remain invariant. In terms of thermal properties,

the glass transition temperature reflected the composition of the

multilayer system. Th&@y of neat (PEO/PAA) films decreased
with increasing pH (59C at pH 2 and 26C at pH 3), whereas
the glass transition temperature of (PEO/PAA) multilayers
was relatively invariant with pH~48 °C). Together, these

results suggest that intermolecular hydrogen bonding is sup-
pressed during multilayer assembly in the presence of lithium
triflate, whereas the dimerization of PAA is promoted. Because
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