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H-Bond Sites

Possible H-bond pairs have been identi�ed on the basis of the Hydrogen Bond Donor/Acceptor

Plugin in Mavin by ChemAxon. Within the polymer repeat unit, the carboxyl (C O) and

the sul�te group (SO �
3 ) are able to adopt the role of a hydrogen bond acceptor (Figure S1b),

pronounced groups for possible donors cannot be identi�ed. Independent of the pH value,

the number of possible acceptor atoms is 4, the number of possible acceptor sites 9 (9 electron

pairs, Figure S1a). In the case of hydrogen bond donors, the number of sites stays 0. In the

case of the cation (Figure S1c), only the amine group (N H) is able to donate to 1 hydrogen

bond, but each of the 6 ether groups (C O C) is able to accept 2 bonds.
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Figure S1: Possible hydrogen bond donor (D) and acceptor atoms (A) within (b) the polymer
repeat unit and (c) the cation. (a) Depending on the pH value, the number of sites can slightly
vary. The calculations have been performed with the Hydrogen Bond Donor/Acceptor Plugin
in Mavin by ChemAxon.
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Hysteresis and Fit of σ′
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Figure S2: (a) The real part σ′ of the complex conductivity function depending on the inverse
temperature scaled with the glass transition temperature Tg = 216 K. (b) The di�erence
between the cooling and heating run (∆ log (σ′)). At the same temperature σ0 is up to 20%
less during heating than during previous cooling. (c) The maximum of ∆ log (σ′) appears at
230 K.

Figure S3: (a) The real part σ′ and (b) the imaginary part σ′′ of the complex conductivity
function depending on the frequency along with �ts in accord to the random free-energy
barrier model.12,13 Electrode polarization causes the plateau of σ′ to bend o� from the
horizontal trace of the DC conductivity at low frequencies (a). Thus, these values are
excluded from �tting the real part of σ∗. The rising high-frequency part of σ′′ (b) is well
described through the random free-energy barrier model, whereas electrode polarization is
responsible for the local maximum at lower frequencies. This maximum is �tted with an
additional Cole-Cole function.14
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Spectral Assignments

In order to identify and assign molecular vibrations of the complex structure of PAAPS

comparison measurements are examined using

� tris[2-(2-methoxyethoxy)ethyl]amine, TDA-1, Figure S4a

� poly(ethylene oxide), abbreviated PEO, Figure S4b

� Ethyl-2- methylbutyrate, E2MB, Figure S4c

All samples have been purchased from Sigma-Aldrich.

Figure S4: Materials used for comparison in order to identify peaks of PAAPS, (a) TDA-1,
(b) PEO, and (c) E2MB.
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Figure S5: (a) FTIR spectra of PAAPS depending on the temperature during measurement.
(b) In order to assign peaks to the distinct vibrational modes and moieties within the complex
spectrum of PAAPS comparison measurements are performed.
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SO3 Stretching Vibration νas (SO3)
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Figure S6: Temperature-dependent FTIR spectra of the spectral region around the sym-
metric SO3 stretching vibration. (a) The peak, the 2 shoulders, and the adjacent band are
modeled through single Gaussians; no baseline has been subtracted. For sake of clarity all
spectra are shifted vertically. (b) The frequency shift is not symmetric around the low-
est measured temperature (170 K, white line). The arrow at the left hand side represents
the temporal sequence of measurements; the color bar at the right hand side indicates the
absorbance value.
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N H Stretching Vibration ν
(
N H

)
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Figure S7: Temperature-dependent FTIR spectra of the spectral region around ν
(
N H

)
.

(a) This band consists of 4 peaks which are modeled through Gaussians. The baseline is
a polynomial function of degree 3. For sake of clarity all spectra are vertically shifted.
(b) During cooling from 300 to 170 K all contributing peaks increase evenly; (c) during
subsequent heating back to 300 K the peaks respond di�erently to the temperature increase.
(d) First the absorbance of the peak at ν̄ = 3251 cm−1 (1) rises inbetween 170 and 200 K,
while the absorbance of the peak at ν̄ = 3421 cm−1 (2) stays constant. While heating further
(from 200 to 235 K) the absorbance of the peak at ν̄ = 3251 cm−1 (1) drops, whereas the
absorbance of the peak at ν̄ = 3421 cm−1 (2) increases. For higher temperature this band
decreases, because of breaking of hydrogen bonds. (e) The frequency shift is not symmetric
around the lowest measured temperature (170 K, white line); the two changes in the thermal
response are visible. The arrow at the left hand side represents the temporal sequence of
measurements; the color bar at the right hand side indicates the absorbance value.
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Figure S8: (a,c,e,g) Temperature-dependent frequency position and (b,d,f,h) integrated ab-

sorbance of the N H stretching vibration ν
(
N H

)
. The blue symbols denote data points

recorded during the cooling run, the red symbols during the subsequent heating run. The
arrows indicate the direction of measurement. In the case of the peak located at 3132 cm−1

it was mandatory to �x the mean peak position (after the �rst iteration) in order to obtain
reasonable result from the �t.
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C O Stretching Vibration ν
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C O

)
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Figure S9: (a) Temperature-dependent FTIR spectra of the C O stretching band. This
band consists of two peaks from which the one at higher frequencies represents the stretch-
ing vibration of the free C O groups, the one at lower frequencies the vibration of bound
groups. (b) The frequency shift is not symmetric around the lowest measured temper-
ature (170 K, white line). The arrow at the left hand side represents the temporal se-
quence of measurements; the color bar at the right hand side indicates the absorbance
value. (c) The temperature-dependent frequency position and (d) integrated absorbance of

ν
(
C O

)
. (e) On the basis of the integrated absorbance the fraction of bound C O groups

can be calculated (maximum value 11% at Tg/T = 0.88. (f) As in the case of νas (SO3) a
pronounce hysteresis is present, which sets in at Tg/T = 1.06. For sake of clarity all spectra
are shifted vertically. The blue symbols denote data points recorded during the cooling run,
the red symbols during the subsequent heating run. The arrows indicate the direction of
measurement.
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The C=O stretching vibration ν
(
C O

)
gives rise to a band around ν̄ = 1730 cm−1.

It consists of two peaks (ν̄ = 1731.1 cm−1 and ν̄ = 1713.6 cm−1 at room temperature,

Figure S9), from which the one at the lower frequency position represents the vibration of

C O residues incorporated into hydrogen bonding and the other at the higher frequency

position the free (unbound) vibration.1�3 On the basis of the ratio between the particular

values of the integrated absorbance (represented through the area under the curve AuC) of

these 2 peaks we determine the fraction of bound C O groups fb

(
C O

)
in dependence of

the apparent temperature.

It is not surprising that fb

(
C O

)
increases when the temperature is lowered; starting

from 5% at 300 K fb

(
C O

)
adopts a value of 6% after cooling to 170 K. On the other

hand, it is surprising that fb

(
C O

)
increases further to 11% at around Tg/T = 0.88 (245 K)

when the sample is heated. Subsequently, fb

(
C O

)
reaches its initial value (Figure S9e).

Similar to the case of ν (SO3), the hysteresis of fb

(
C O

)
sets in at Tg/T = 1.06 (T =

204 K) in accord with the glass transition temperature of the repeat unit, not with that

of the polymer. Thus, already at TRU
g the side chains are mobile enough for structural

reorganization. Moreover, the bound fraction is at its maximum at Tg/T = 0.88, which

fairly coincides with the maximum di�erence of conductivity between cooling and heating

run.

Pruthtikul et al. determined the number of hydrogen-bonding contact sites in hyper-

branched polyesters forming dendrimers of generation 2 to 5 by labeling the outermost

carboxyl groups.2 Interestingly, fb

(
C O

)
in PAAPS is comparable with or even less than

the fraction of bound carboxyl groups in the core of these dendrimers. Furthermore, the

authors discussed that these values indicate a distinct screening and less accessibility of the

C O groups compared to the linear polymers of this kind. Consequently, the C O groups

in PAAPS are as well e�ectively screened which reduces the accessibility of this moiety to

hydrogen bond donors similar or even less compared to polyester dendrimers.
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CH2 Rocking and C O C Stretching Vibration
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Figure S10: Temperature-dependent frequency position (a,c,e) and integrated ab-
sorbance (b,d,f) of the CH2 rocking vibration ρgauche (CH2) in gauche conformation (a,b),

CH2 rocking vibration ρtrans−gauche (CH2) at the end groups of the cation, and C O C an-
tisymmetric stretching vibration νas (C-O-C) (e,f), respectively. The blue symbols denote
data points recorded during the cooling run, the red symbols during the subsequent heating
run. The arrows indicate the direction of measurement. Line �ts have been employed in
order to extract transition points.

In addition to the H-bond acceptor moieties of the polymer and the N H group in

the cation acting as H-bond donor, the cation comprises also three arms each with two

11



repeat units of polyethylene glycol. In order to study the structure of the whole sample we

investigate as well the response of the cation arms to the temperature cycle. On the basis of

comparison measurements (Figure S4 and S5) we assign the peaks around 〈ν̄〉 = 849 cm−1

and 〈ν̄〉 = 881 cm−1 to the CH2 rocking vibration in crystalline gauche ρgauche (CH2) and

trans-gauche ρtrans−gauche (CH2) conformation of the end groups, respectively, as well as the

peak at 〈ν̄〉 = 1115 cm−1 to the C O C antisymmetric stretching vibration (νas

(
C O C

)
)

When PAAPS undergoes the cooling-heating cycle, �rst, the frequency positions of

ρ (CH2) and νas

(
C O C

)
are reversibly shifted to higher and lower values during cooling,

respectively (Figure S10a,c,e). This blue/blue shift is in full agreement with the common

literature about H-bounding in which deformation/stretching vibrations in general show

a blue/red upon hydrogen bond formation, respectively.2,4,5 Second, during heating, these

peaks are red and blue shifted reaching their initial values at 300 K, which demonstrates the

reversibility of the origin of these spectral shifts.

Third, as before in the cases of νs (SO3), ν
(
C O

)
, and ν

(
N H

)
the vibration fre-

quencies of ρ (CH2) and νas

(
C O C

)
exhibit a clear hysteresis during the cooling-heating

cycle. Despite the frequency shift of ρtrans−gauche (CH2) (Figure S10c,d) and νas

(
C O C

)
(Figure S10e,f) is highly similar to the above-discussed vibrational modes (reversibility and

hysteresis), the characteristic of the shift of ρgauche (CH2) (Figure S10a,b) is fundamentally

distinct. Whereas the two former modes exhibit a hysteresis which represents a delay of the

reversible change (the frequency position altered because of cooling is retained during heat-

ing up to a particular temperature), the hysteresis of the latter mode, instead, represents an

acceleration of the reversible change (the frequency shift is recovered at a lower temperature

compared to the cooling run). The accelerated recovery of the frequency shift demonstrates

that the temperature rate during cooling-heating cycle is su�cient for the system to fol-

low and undergo structural reorganizations. Interestingly, the peak around 〈ν̄〉 = 849 cm−1

is attributed to a vibration characteristic for crystalline polyethyleneoxide (PEO).6�8 Even

though, Liu and Parsons mixed PEO with water or benzene , this peak remained in solution.8
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In addition, the spectral shift of ρgauche (CH2), ρgauche−trans (CH2), and and νas

(
C O C

)
bends o� at Tg/T = 1.06 during the cooling run which is well below T Pol

g but comparable

to TRU
g . Furthermore, for ρgauche (CH2) the �accelerated� hysteresis starts at Tg/T = 1.07,

demonstrating the local mobility of the cation sidechains below T Pol
g . The expedited red shift

ends at Tg/T = 0.86 (T = 250 K), where the spectral change experiences an interim blue shift

until Tg/T = 0.82 (T = 265 K), before the frequency position matches the trace of the cooling

run (Figure S10a). This temperature range �ts with the hysteresis of ρtrans−gauche (CH2) and

and νas

(
C O C

)
(as well as with the hysteresis of νs (SO3) and ν

(
C O

)
), where the

hysteresis is passing its maximum or ends its constant trace and returns to the trace of the

cooling run.

Concerning the integrated absorbance, Aint (ρgauche (CH2)) bends of at Tg/T = 0.95 or

0.92 for the cooling or heating run, respectively, but does not exhibit any signi�cant hystere-

sis. Thus, the number density of vibrating moieties in gauche conformation changes with

temperature, but follows the same path during cooling and heating. This path (number

density of moieties) is sensitive to T Pol
g . The potential of this vibrational mode, instead,

experiences a change already at TRU
g . Aint (ρgauche−trans (CH2)) is not signi�cantly altered

during the cooling-heating cycle; Aint

(
νas

(
C o C

))
follows a smooth trace without kinks

or hysteresis.
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Correlation Between Di�erent Vibrational Modes
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Figure S11: Correlation between the temperature-induced alterations of (a) νs (SO3) vs.
ν (N-H), (b) νas (COC) vs. ν (N-H), (c) νas (COC) vs. νs (SO3), and (d,e) ρ (CH2) in
trans and gauche conformation vs. νas (COC). While νs (SO3) and ν (N-H) (a) as well as
ρ (CH2) in trans-gauche conformation vs. νas (COC) show the same direct dependency on
the temperature as common parameter, νas (COC) and ν (N-H) (b) as well as νas (COC)
and νs (SO3) (c) do not; νas (COC) appears constant, whereas the other vibrations are still
a�ected by temperature change.
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In order to clarify which molecular moieties are interacting with each other we prepared

correlation-plots with the apparent temperature as parameter (Figure S11). Starting with

the interaction between the SO3 H-bond acceptor and N H H-bond donor we use the linear

dependence of the frequency shift and the dependence of the square root of the integrated ab-

sorbance on the hydrogen bond enthalpy.9�11 In the according plot (νs (SO3) vs. ν
(
N H

)1/2

,

Figure S11a) the individual data points representing di�erent temperatures during the cool-

ing and heating run form one line. Thus, we can conclude that the H-bonds are mainly

formed between the SO3 moiety of the polymer side chain and the NH group of the anion.

The hysteresis during the heating run is evident as point clout coinciding with the line of

points.

When we employing the same linear relation for frequency shift and square root relation

for the integrated absorbance, we can exclude a signi�cant contribution from hydrogen bond-

ing between the free electron pairs of the C O C moiety within the arms of the anion and

the N H group (Figure S11b) as well as signi�cant interactions between the C O C part

and the SO3 group (Figure S11c). In both scenarios the frequency shift of νas ((C-O-C)) al-

ready saturates, while the integrated absorbance of ν
(
N H

)
is still rising or the frequency of

νs (SO3) is still shifting. Both processes indicate H-bonding while νas ((C-O-C)) is no longer

a�ected, forming a loop in the plots. However, such interactions cannot be completely ex-

cluded; nevertheless, a signi�cant contribution from the C O C parts will exclude the fairly

straight line in νs (SO3) vs. ν
(
N H

)1/2

as present.

When focusing on the rocking vibrations, it is evident that ρgauche (CH2) (around 〈ν̄〉 =

849 cm−1) does not signi�cantly interact with C O C moieties. While ρgauche (CH2) is

changing its frequency position during the heating run, νas

(
C O C

)
is constant (vertical

trace in Figure S11d); afterward νas

(
C O C

)
experiences a frequency shift.

In the case of the rocking vibration of the end groups in trans-gauche conformation

ρtrans−gauche (CH2) (around 〈ν̄〉 = 881 cm−1), a clear relation between frequency sifts of the

particular moieties is evident. Thus, we can state that the end groups of the anion arms

15



interact via hydrogen bonding with the free electron pair of the C O C moieties, giving rise

to the approximately linear correlation ρtrans−gauche (CH2) vs. νas

(
C O C

)
(Figure S11e) .
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Comparison between samples of di�erent molecular weight
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Figure S12: Frequency position ν̄ (left) and integrated absorbance Aint (right) of the sym-
metric SO3 stretching vibration νs (SO3). The blue and red symbols denote data recorded
during the cooling run from 300 K to 170(K) and the reversed heating run, respectively.
Even though the molecular weight is altered by a factor of 10, trends like the blue shift and
the hysteresis are preserved. In the case of Aint di�erent �lm thicknesses are responsible for
slightly di�erent quantitative values. However, qualitative results are not a�ected.
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1H-NM Spectroscopy on PAAPS and AAPS

Figure S13: 1H-NMR spectra of the IL repeat unit AAPS and the polyIL PAAPS in DMSO-
d6.
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