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Abstract

We study the molecular rotation of the protic room temperature ionic liquid ethylammo-

nium nitrate (EAN) with dielectric relaxation spectroscopy and femtosecond-infrared spec-

troscopy (fs-IR) of the ammonium N-H vibrations. The results suggest that the rotation of

ethylammonium ion takes place via large angular jumps. Such non-diffusive reorientational

dynamics is unique to strongly hydrogen-bonded liquids such as water, and indicates that

the intermolecular interaction is highly directional in this class of ionic liquids.
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Ethylammonium nitrate (C2H5NH
+
3 NO−

3 ; EAN) is the first reported room temperature

ionic liquid (RTIL), having been discovered already in 1914.1 EAN is formed via neutraliza-

tion of a Brønsted acid with a corresponding base and thus belongs to a subset of RTILs:

protic ionic liquids (PILs).2 PILs have unique solvent properties akin to typical aprotic

RTILs, however, they can form very strong hydrogen-bonds. The hydrogen-bonded nature

of PILs is thought to promote the aggregation of amphiphilic molecules,2 and may explain

the extraordinarily high charge mobilities due to a Grotthuss type hopping mechanism.3

Further, the strong hydrogen-bond interactions may result in the ability of PILs to dissolve

proteins and enzymes while preserving their biological activity.4

Although the strong interaction between the constituting ions of PILs is evident from

their far-infrared spectra,5,6 NMR chemical shifts,7,8 and from scattering experiments,9 the

presence of directional inter-ionic interactions, which would be characteristic for hydrogen

bonding, has only been inferred indirectly from experiments. In fact, the interaction po-

tentials for conventional RTILs are rather shallow,10 and firm experimental evidence for

directional inter-ionic interaction is lacking. Generally, for hydrogen-bonded liquids, water

being the most prominent example, the hydrogen-bonded nature is unequivocally reflected

in the rotational dynamics of the molecules. Specifically, the presence of directional H-

bonds has as a consequence that the molecular reorientation is not simply diffusive, but

instead occurs in a jump-like fashion.11,12

We study the molecular rotation in EAN using two complementary approaches. In the

first approach we measure the frequency dependent response of EAN to an external electric

field (dielectric spectroscopy, DS13) yielding the reorientation dynamics of molecular-level

electric dipoles. Complementary to these experiments, we use femtosecond-infrared spec-

troscopy (fs-IR)14,15 to measure the reorientation of the ammonium groups of EAN.

In DS13 we measure the electrical polarization of EAN as a function of the field fre-

quency, ν. The polarization of the sample is generally expressed in terms of the complex
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permittivity, ε̂ = ε′ − iε′′, where ε′ and ε′′ correspond to the in-phase (dispersive) and

out-of-phase (absorptive) polarization components, respectively. At GHz frequencies the

polarization is predominately due to the rotation of the dipolar ions of the PIL.16 For EAN

the rotation of the nitrate anion does not contribute due to its symmetry-imposed zero

net-dipole moment. The rotational relaxation of the cations leads to a characteristic peak

in ε′′ (Fig. 1a).17–19 The peak frequency, νmax is characteristic for the rotation of the dipolar

C2H5NH
+
3 cations. We extract the corresponding τDR (= 1/2πνmax) from the experimental

spectra by fitting an asymmetrically broadened relaxation model to the permittivity spec-

tra (for details see Supporting Information, SI). As can be seen in Fig. 1a the relaxation

band is centred at 700MHz (τDR = 212 ps) at 5 °C. As the temperature increases, the band

gradually shifts to higher frequencies, peaking at 4GHz (τDR = 41.5 ps) at 65 °C, meaning

that the rotational dynamics get accelerated with increasing temperature. The speed-up

of τDR with increasing temperature is excellently described by an Arrhenius type equation

(Fig. 1b).

We compare the DS results to the results of fs-IR experiments. In the latter experi-

ments a molecular group is tagged via excitation of an intrinsic vibration with an intense

infrared laser pulse, after which the reorientation of this group can be followed in time

with subsequent infrared pulses. In the present study we exchange some of the NH groups

of the ethylammonium ion by ND ([C2H5NH3−xDx]
+; x = 0 . . . 0.286) groups resulting in

[C2H5NH2D]
+ ions as the prevailing deuterated species in the samples (see SI). We use

the ND group, with its stretching vibration centred at 2290 cm−1 (Figs. 2 & S1) as the

molecular probe. Excitation of the ND vibration leads to a transient change in the infrared

absorption spectrum, Δαiso. We probe these transient absorption changes as a function

of time, t, using a second delayed weak infrared probe pulse. In Fig. 2 we show the thus

induced isotropic absorption change. This absorption change is dominated by a bleaching

signal (Δαiso < 0) at 2250 cm−1 due to the population of the first excited vibrational state
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and the accompanied depletion of the vibrational ground state population and stimulated

emission of the excited state shortly after the excitation. The dynamics of this isotropic

absorption change is independent of reorientation processes and represents only the vi-

brational relaxation. The bandwidth of the bleach is significantly narrower than the ND

absorption band and corresponds to the pump pulse bandwidth. This bleach does not

broaden significantly (spectral diffusion) at short delay times (t ≤ 1 ps; Fig. 2a). This

indicates that on short timescale (∼ 1 ps) the local structure of EAN is heterogeneous

and quasi-static. Fluctuations of the ND absorption frequency apparently take place on

appreciably longer timescales. At ∼ 2100 cm−1 we observe an adjacent induced absorption

(Δαiso > 0) due to the excited state absorption (1 → 2 transition).

In Fig. 2b we show the evolution of the bleaching signal at 2250 cm−1 as a function of

the delay time. A detailed analysis (see SI) yields a vibrational lifetime of τ1 = (200±40) fs

of the excited state population that is independent of temperature and x. At intermediate

times, 1 ps < t < 10 ps a second, slower component in the Δαiso signal recovery is observed,

which is most prominent for x ≤ 0.068 (Figs. 2b & S2). The absence of any signature

of this relaxation component in the excited state absorption at ω = 2085 cm−1 (Fig. S2)

suggests that the ND excitation decays via an intermediate energy level that is transiently

populated, e.g. a vibration of the NH2D
+ group.20 A similar relaxation mechanism has been

observed for liquid ammonia,21 for which the relaxation of the N-D vibration was observed

to proceed via the scissoring vibration of the NH2D group. The intermediate state relaxes

with a time constant of τ2 = (2.5± 0.6) ps to lower energy levels. This second relaxation is

independent of temperature and isotope exchange ratio x. The occupation of these lower

levels results in a persistent non-zero end level of the change in absorption. This persistent

absorption change corresponds to a blue-shift of the ND band (i.e. Δαiso that results from

a rise in temperature of the sample by a few degrees, see SI Fig. S4). However, as can be

seen in Fig. 2b the structure of EAN cannot adopt instantaneously to the local thermal
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disturbance, as the final equilibrium is only reached at t > 50 ps. These slow thermalization

dynamics go along with an increase of the magnitude of Δαiso, while the spectral shape

(i.e. the thermal difference spectrum) is unaffected. Thus, these slow dynamics are likely

related to the structural rearrangement of the three-dimensional structure of EAN and

presumably contain substantial translational motion. The timescale of the thermalization

dynamics exhibits a distinct temperature dependence (τ3 = (15.7± 1.2), (13.4± 2.4), and

(11.7±0.9) ps at 25, 45, and 65 °C, respectively), which indicates that the three-dimensional

RTIL structure becomes more flexible when the temperature increases.

As will be shown below, the effect of the vibrational excitation remains localized on rel-

atively long timescales (> 10 ps), although the vibrational excitation itself decays quickly.

This fact allows us to follow the liquid dynamics over long timescales. Specifically, we can

follow molecular reorientation in real time. Vibrational excitation occurs most efficiently

for ND groups that have their transition dipole aligned with the laser polarization. Hence,

the vibrational excitation will be anisotropic. This anisotropy will decay as a result of

molecular rotations. The anisotropy parameter, R, is defined by the normalized difference

between the absorption change parallel and perpendicular to the pump polarization. As

can be seen from Fig. 3, we observe a surprisingly long-lived (10’s of ps) anisotropy in the

induced absorption changes that shows a remarkable dependence on the isotopic exchange

ratio, x. This long-lived anisotropy cannot be associated with vibrationally excited N-D

groups because the vibrational excitation rapidly decays. Apparently, even after vibra-

tional relaxation, some memory of the orientation of the initially excited ND vibration is

retained. This observation can be explained from the fact that the vibrational relaxation

will lead to a local dissipation of energy near the originally excited ND oscillators. Hence,

the rise in temperature resulting from the vibrational relaxation is initially only affecting

the originally excited ND oscillators, which implies that the thermal difference spectrum

retains the anisotropy of the original vibrational excitation. Thus, our results show that the
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dissipated thermal energy is initially distributed within the direct solvation shell. Owing to

the slow thermal diffusion in EAN, we observe the anisotropy of these ’thermally’ labelled

ND groups. This provides a rather unique opportunity to measure the rotational dynamics

over time scales that are much longer than the lifetime of the vibrational excitation.

As t increases, the anisotropy of the thermal label can decay via two different mecha-

nisms. Firstly, the thermal energy diffuses from the excited ND group to other non-excited,

randomly oriented ND oscillators. This effect is strongly dependent on the average dis-

tance between the ND groups and explains the increase of the decay rate of R(t) with

decreasing average distance (increasing exchange ratios) between the ND groups (Fig. 3).

At high values of x, the decay of R(t) is dominated by this thermal diffusion effect and

the observed R(t) decays do not vary significantly with temperature (Fig. 3, x = 0.286).

Secondly, R(t) will decay as a result of the rotation of the excited ammonium groups. This

contribution dominates for low values of x for all delay times, and for large values of x for

long delay times, as the progressive thermal diffusion leads to a decrease of the local ther-

mal gradients. To quantify both contributions, we model22 the experimental R(t) decays

(for details see SI) using a continuum heat diffusion model. In this model the dissipation

of the vibrational energy leads to a heating of the direct environment of a ND oscillator

(radius P ). From this heated spot, the energy diffuses to the surrounding bath. The diffus-

ing energy will only lead to a change of the anisotropy once it reaches other ND oscillators

that absorb in the same frequency range. The number density of these, not excited and

isotropically oriented ND oscillators is defined by the isotopic exchange ratio x. The ratio

between the thermal energy experienced by the originally excited ND vibration and the

excess thermal energy of all ND bonds can be readily related to R(t). In addition, R(t)

decays due to the rotation of the excited ND oscillator. We fit this model to all R(t) de-

cays at each temperature simultaneously, where the heat diffusivity, χ, the rotation time,

τIR, and the radius, P , are the global fit parameters. We find that this model with only
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three independent parameters provides an excellent description of all measured R(t) decays

(Figs. 3 & S5). The slight deviations observed at early delay times likely originate from

the fact that the continuum model does not include any molecular level structure.

From the fit of this model to the experimental anisotropies at 25 °C we obtain a thermal

diffusivity of χ = (2.1± 0.1) Å2ps−1, which is five times lower than the macroscopic value

(χ = 11 Å2ps−1).23 This discrepancy may be due to the different character of the energy lev-

els that are involved in the vibrational relaxation compared to macroscopic heat transport

in a continuum.22 The discrepancy may also be due to the local molecular heterogeneity

in EAN.24

For the radius of the thermally excited spot we extract a value of P = (6.5±1.7) Å. This

value of P is consistent with the energy being dissipated within the excited ND group and

its closest shell of neighboring ions. The obtained rotational correlation time corresponds

to τIR = (80 ± 8) ps at 25 °C. Increasing the temperature to 45 °C leads to minor changes

of the thermal diffusivity and the radius (χ = (2.3 ± 0.4) Å2ps−1; P = (5.4 ± 1.2) Å). In

contrast, the molecular rotation time is strongly accelerated (τIR = (48 ± 12) ps). This is

also directly evident from the raw data from the much steeper decay of R(t) at long delays

(t > 30 ps) compared to the results at 25 °C (Fig. 3). The same notion applies to the

anisotropies measured at 65 °C (χ = (2.2±0.4) Å2ps−1; P = (5.8±1.3) Å, τIR = (28±6) ps)

(see SI). Therefore, while the heat diffusivity is essentially temperature independent, we

observe a strong increase of the rotational mobility with increasing temperature. The

obtained τIR values follow an Arrhenius type equation (Fig. 1b) with an activation energy

of EA(τIR) = (21.4 ± 0.6) kJmol−1, which coincides with EA(τDR). Both values of EA are

similar to the thermal activation of transport properties, like the viscosity.17

The good agreement of EA(τIR) with EA(τDR) is not self-evident, as the two experiments

probe the rotation of a different vector of the ethylammonium ion. Fs-IR spectroscopy mea-

sures the rotation of the NH (ND) bond, while DS probes the effects of dipolar reorienta-
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tions on the macroscopic polarization. In principle the ND group could show an additional

local reorientation dynamics within the (immobile) ethylammonium cation. However, our

present results suggest that such a fast rotation around the C-N axis does not significantly

contribute to our fs-IR results, indicating the strong interaction of the N-D groups with its

environment. In fact, the excellent agreement of the activation energies indicates that the

two experiments are probing the same dynamical process, i.e. the rotation of the ethylam-

monium cations. The ratio τDR/τIR ≈ 1.4 is actually surprisingly small in view of the fact

that fs-IR probes the second-order rotational correlation time while the DS experiments

probe the first order rotational correlation time. In the case of nonspecific interactions

between the rotating molecule with the surrounding medium, i.e. diffusive reorientation

via infinitely small angle rotations, a ratio of τDR/τIR = 3 is expected.26

In fact, for liquid ammonia the ratio of the second-order rotation time for the rotation

of the N-H bond and the dielectric relaxation time is almost exactly 3 (cf. Refs. 27 and

28). The striking difference with respect to EAN is the absence of a strong hydrogen-bond

acceptor molecule (i.e. the NO−
3 anion). Here, we observe a very small ratio τDR/τIR ≈

1.4 for the ethylammonium ion. The plausible explanation for this small ratio is the

strong interaction between the ions, which cause the reorientational motion to be highly

cooperative, involving the collective rearrangement of neighboring ions.16,29 In analogy to

water reorientation,12 the rotation of C2H5NH
+
3 ion may thus take place via large angular

jumps, as has been suggested previously for aprotic RTILs.30,31 In water, the molecular

reorientation was found to involve the concerted cleavage and re-formation of hydrogen-

bonds to neighbouring water molecules.11,12 The water reorientational jump angle was

found to be ∼ 60 °, which leads to a ratio of the first and the second-order rotational

correlation time of ∼ 2.30,31 The observed ratio τDR/τIR of 1.4 for EAN corresponds to

a jump angle α ≈ 106 °,25,32 assuming jumps about a unique angle. This angle closely

resembles the tetrahedral angle of the ammonium group. Thus, the presence of highly
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directional hydrogen-bonds formed between the C2H5NH
+
3 ion and NO−

3 ion in the ionic

liquid is the likely reason for the small τDR/τIR ratio of 1.4, which is consistent with the

hydrogen-bonds making the potential energy surface around the cation very anisotropic

and the distribution of hydrogen-bond angles rather narrow.33 Further experimental and

theoretical studies, in particular molecular dynamics simulations, will be needed to confirm

this picture. In particular, MD simulations may give more insight in the interplay between

the ethylammonium cation and the nitrate ion in determining the orientational motions of

both ions.
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(26) Böttcher, C. F. J. Theory of Electric Polarization; Volume 1 and 2 Elsevier: Amster-

dam, 1978.

(27) Hardy, E. H.; Zygar, A.; Zeidler, M. D.; Holz, M.; Sacher, F. D. Isotope Effect on the

Translational and Rotational Motion in Liquid Water and Ammonia. J. Chem. Phys.

2001, 114, 3174-3181.

(28) Fish, K.; Miller, R. C.; Smyth, C. P. Microwave Absorption and Molecular Structure

in Liquids. XXIV. The Dielectric Relaxation of Liquid Ammonia. J. Chem. Phys.

1958, 29, 745-746.

(29) Hunger, J.; Stoppa, A.; Schrödle, S.; Hefter, G.; Buchner, R. Temperature Depen-

dence of the Dielectric Properties and Dynamics of Ionic Liquids. ChemPhysChem

2009, 10, 723-733.

(30) Shim, Y.; Kim, J. K. Dielectric Relaxation, Ion Conductivity, Solvent Rotation, and

Solvation Dynamics in a Room-Temperature Ionic Liquid. J. Phys. Chem. B 2008,

112, 11028-11038.

(31) Turton, D. A.; Hunger, J.; Stoppa, A.; Hefter, G.; Thoman, A.; Walther, M.;

Buchner, R.; Wynne, K. Dynamics of Imidazolium Ionic Liquids from a Combined

Dielectric Relaxation and Optical Kerr Effect Study: Evidence for Mesoscopic Ag-

gregation. J. Am. Chem. Soc. 2009, 131, 11140-11146.

(32) Note that the exact value of α may differ slightly, since DS measures the collective

rotation time. The corresponding microscopic rotation time taking local field effects

into account is slightly shorter giving even larger jump angles α.

(33) Zahn, S.; Thar, J.; Kirchner, B. Structure and Dynamics of the Protic Ionic Liquid

Monomethylammonium Nitrate ([CH3NH3][NO3]) from Ab Initio Molecular Dynam-

ics Simulations. J. Chem. Phys. 2010, 132, 124506.

14



(34) Bonetti, M.; Nakamae, S.; Roger, M. A Simply Designed Cell for Thermal Conduc-

tivity Measurements of Low Vapor Pressure Liquids. Rev. Sci. Instrum. 2011, 82,

64906.

(35) Allen, M.; Evans, D. F.; Lumry, R. Thermodynamic Properties of the Ethylammo-

nium Nitrate + Water System: Partial Molar Volumes, Heat Capacities, and Expan-

sivities. J. Solution Chem. 1985, 14, 549-560.

15



1 10 100
0

2

4

6

8

10

�
''

65°C

45°C

5°C b

� / GHz

a

25°C

3.0 3.2 3.4 3.6

50

100

150

200

250

E
A
(�

DR
)  =

21.6 kJ/mol

E
A
(�

IR
) = 21.4 kJ/mol

�
j

/
p
s

1000 T /  K
-1

300 330
0

1

2

3

�
D

R
/

�
IR

T /  K

Figure 1: (a) Dielectric loss spectra, ε′′(ν) , for neat EAN (other temperatures omitted for
visual clarity). The symbols represent the experimental data, the lines represent fits ob-
tained with a dielectric relaxation model (see SI). (b) Rotational correlation times obtained
from fs-IR experiments (τIR, red squares) and DR spectroscopy (τDR, blue circles). The
lines result from a fit of the data to an Arrhenius model. The inset shows the ratio τDR/τIR
measured at three different temperatures. The line in the inset indicates a constant ratio
of 1.4.
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Figure 2: (a) Isotropic transient absorption spectra, Δαiso(ω) at short delay times, t,
(symbols) for x = 0.035 at 25 °C. The solid black line shows the ND absorption band
corrected for the background absorption of EAN, the dashed red line corresponds to the
pump pulse spectrum. (b) Isotropic transient signal, Δαiso(t), at ω = 2250 cm−1 for
different isotopic exchange ratios, x, at 25 °C. The symbols represent the experimental
data and the solid lines show fits obtained with a vibrational relaxation model (see SI, Fig.
S3).
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Figure 3: Anisotropy parameter, R(t), at ND stretching frequencies (ω = 2250 cm−1), for
different isotopic exchange ratios, x, at (a) 25 °C and (b) 45 °C. The symbols represent
the experimental data, the lines correspond to fits to the heat-diffusion and molecular
reorientation model described in the text.
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Materials
Hyaluronic acid sodium salt (hyaluronan) from rooster comb (molecular weight 1 to 4 · 106 g mol−1) and

dextran from Leuconostoc mesenteroides (analytic standard grade, molecular weight 1.4 · 106 g mol−1,

∼ 5% branched) were purchased from Sigma Aldrich and used without further purification. Samples

with different weight fractions, w, (g of polysaccharide / g of solution ) were prepared using an analytical

balance. Dextran was dissolved in ultrapure water at the desired concentrations and shaken for 2 h at room

temperature. Hyaluronan was dissolved in ultrapure water and shaken overnight at 40 °C. The hyaluronic

acid salt samples were centrifuged several times for 10 min at 10000 rpm to obtain a homogeneous solution.

For fs-IR experiments a small amount (∼ 4% (w/w)) deuterium oxide (99.97 %D from Euriso-top, Saint-

Aubin, France) was added to the ultrapure water before dissolving dextran or hyaluronan. Due to fast

isotopic exchange, we obtain the equilibrium distribution of deuterium atoms among all acidic protons.

Therefore the dominant isotopically labeled species are HOD molecules.

For analysis of the Terahertz experiments, molar concentrations (in mol L−1) of water, cH2O, in the

sample are required. These were calculated from the weight fractions, w, using solution densities, ρ,

interpolated from literature (ρ(dextran) = (997.05+410 ·w) g L−1; ρ(HA) = (997.05+440 ·w) g L−1)

[1, 2, 3].

Polarization-resolved femtosecond-infrared spectroscopy

Experimental method
Femtosecond infrared pump and probe pulses were generated via a sequence of nonlinear optical conver-

sion processes that are pumped by a commercial Ti:sapphire regenerative amplified laser system (Spectra-

Physics Hurricane, USA). This system delivers pulses at 800 nm with a duration of 100 fs at a repetition

rate of 1 kHz (1 mJ per pulse). Approximately 0.7 mJ of pulse energy is used to pump an optical para-

metric amplifier (OPA) based on a β-barium borate (BBO) crystal. The OPA is used to generate idler

pulses at ∼ 2μm, which are subsequently frequency-doubled in a second BBO crystal, yielding pulses

at ∼ 1μm. In a second parametric amplification process in a lithium niobate crystal the 1μm pulses are

used as a seed and the remaining 800 nm pulses (0.3 mJ) as a pump to generate mid-infrared pulses with

a duration of ∼ 150 fs and an energy of ∼ 6μJ. The frequency of these pulses is centered at 2500 cm−1,

which coincides with the absorption of the O-D stretching vibration of HOD molecules (Note that the N-D

stretch vibration, which is formed via isotopic exchange with HOD absorbs at similar wavenumbers. Its

contribution to our experiments, however, is negligible [4]).

A CaF2 wedged window is used to split the mid-infrared pulses into a pump (∼ 92%), a probe (∼
4%), and a reference (∼ 4%) pulse. The polarization of the pump pulse is rotated by 45 ° with respect

to the probe and the reference polarization using a λ/2 plate. The time delay of the probe pulses with

respect to the pump is varied via a variable path-length delay line. The pump pulse is modulated using

1



an optical chopper. The three pulses are focused into the sample with an off-axis parabolic mirror. In

the sample, which is held between two CaF2 windows, the foci of the probe and pump-pulse overlap.

After passing a polarizer that allows us to select the parallel or perpendicular (with respect to the pump)

polarization components, the probe and reference beams are sent into a spectrometer dispersing the beams

on a liquid-nitrogen-cooled mercury-cadmium telluride detector. The probe pulse is used to measure the

(pump-induced) transient absorption in the sample parallel (Δα‖(ω, t)) and perpendicular (Δα⊥(ω, t)) to

the pump polarization as a function of delay time, t, and wavenumber, ω. The reference pulse is used for a

spectrally resolved correction of the pulse to pulse energy fluctuations [5].

Data Analysis
From the measured absorption changes Δα‖(ω, t) and Δα⊥(ω, t) we construct the isotropic signal:

Δαiso(ω, t) =
Δα‖(ω, t) + 2Δα⊥(ω, t)

3
(S1)

The isotropic signal is independent of reorientation processes and is dominated by the vibrational relaxation

of the excitation and by the dynamics of any consecutive processes. At short delays the isotropic signal

is dominated by the vibrational excitation of the OD oscillators. The vibrational energy relaxes to an

intermediate state (i.e. intermediate energy levels) and eventually leads to heating of the sample by a few

degrees (low energy levels) [6, 7, 8]. At long delay times (t > 20 ps) this heating effect prevails. To

obtain the anisotropy dynamics, R(t) of the excited OD-stretch transition dipoles, we correct the measured

signals Δα‖(ω, t) and Δα⊥(ω, t) for this time-dependent thermalization of the sample. The evolution of

the thermalization is obtained via detailed analysis of Δαiso(ω, t) following the route described in detail

in Ref. [9]. To briefly summarize, we fit a kinetic model to the isotropic data. In this model the pump

pulse generates a population in the first vibrational excited state. This excitation transiently populates an

intermediate state with a characteristic time constant of ∼ 1.7 ps. For the present samples this time is

virtually constant at all concentrations of polysaccharide. The intermediate state has the same absorption

spectrum as the vibrational ground state (i.e. the transient absorption equals zero). The intermediate state

further relaxes to the final thermal state with a characteristic time constant of ∼ 1 ps for solutions of 8 %

HOD in H2O. For the present samples this equilibration time is increasing smoothly as the concentration

of polysaccharide increases. At the highest concentration (20 % (w/w)) of polysaccharide the equilibration

occurs on a ∼ 1.5 ps timescale. This slow-down of the equilibration indicates a slower equilibration of the

samples to the thermal disturbance and/or the appearance of additional intermediate energy levels.

From this analysis, the spectral signature and the temporal evolution of the thermalization is obtained,

which is subsequently subtracted from the raw transient spectra (Δα‖(ω, t) and Δα⊥(ω, t)). The thus

obtained corrected transient spectra, Δα′
‖(ω, t) and Δα′

⊥(ω, t) solely reflect the signal originating from of

the excited OD oscillators.

From the corrected signals we construct the anisotropy parameter R(t):

R(ω, t) =
Δα′

‖(ω, t)−Δα′
⊥(ω, t)

Δα′
‖(ω, t) + 2Δα′

⊥(ω, t)
. (S2)

R(t) directly corresponds to the second order rotational correlation time of the excited OD oscillators.

R(t) decays are averaged over frequencies ranging from 2460 cm−1 to 2540 cm−1 as it is independent of

absorption frequency [9].

The thus obtained anisotropies are inconsistent with all water molecules having the same rotational

dynamics (as for neat water [7]), which is described by a single exponential decay of R(t) (see Figure S1).

Hence, we model the experimental anisotropies with a double exponential decay (eq 1), which excellently

describes the observed rotational dynamics of the HOD molecules (see Figures 1 & S1). From these fits

we obtain a rotational correlation time of τs,IR � 10 ps at all concentrations, if all parameters of eq 1 are

allowed to vary. This means that the rotational dynamics of the slow subensemble of water molecules are

essentially static on the 5 ps time-scale of our experiment. To reduce the number of free parameters, we fix

the rotation times of the slowed down subsensmble of water to τs,IR ≈ ∞ (t/τs,IR ≈ 0).
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Terahertz time-domain spectroscopy

Experimental method
Terahertz pulses are generated in a ZnTe (110) nonlinear crystal [10] from 800 nm pulses with a duration

of ∼ 150 fs from a Ti:Sapphire laser (Coherent Legend Elite, USA). The generated THz pulses have a

duration of ∼ 1 ps. The time-dependent electric field of the THz pulse is measured via its electro-optic

effect on a variably delayed 800 nm laser pulse in a second ZnTe crystal. A frequency domain analysis

of the THz pulse transmitted through an empty cell and the THz pulse transmitted through a filled sample

cell, yields the frequency dependent complex index of refraction (n̂(ν) = n(ν)− ik(ν)) as function of field

frequency, ν (ranging from 0.4 to 1.2 THz). In analysing the data, all (multiple) reflection and transmission

coefficients for all transitions (air-window-sample-window-air) were taken into account [11]. To minimize

the effect of fluctuations in the THz intensity, a rotating sample cell with two separate sample compartments

is used to position the sample and a pure water reference alternatingly in the focus of the THz beam. The

sample is held between two Polychlorotrifluoroethylene (PCTFE) windows separated by a teflon spacer

(thickness ∼ 100μm). The neat water data were used to calibrate the spectra of the samples.

Data Analysis
Complex refractive index spectra were converted to complex permittivity spectra, ε̂(ν) (= n̂2(ν)). For

neat water ε̂(ν) is dominated by an intense relaxation mode at ∼ 20GHz that can be well described with

a Debye equation (i.e. a single exponential decay of the orientational polarization of the sample in the

time-domain) [12]. This relaxation originates from the partial alignment of the (dipolar) water molecules

to the external electric field. For neat water a characteristic collective first-order orientational relaxation

time of τ1 = 8.3 ps is observed at ambient temperature [12]. Its amplitude is found to be S1 = 72. Further,

a weak Debye-type high-frequency mode centered at ∼ 0.5THz is observed with an amplitude S2 ≈ 1.3
and relaxation time τ2 ≈ 200 fs. Thus, we model the experimental spectra with a superposition of two

Debye-type relaxation modes:

ε̂(ν) =
S1

1 + 2πνiτ1
+

S2

1 + 2πνiτ2
+ ε∞ (S3)

where ε∞ represents the high-frequency limit of the permittivity. It subsumes all electronic and intramolec-

ular polarizations at infrared and optical frequencies. Following previous work [13], τ1 was fixed to

the value obtained from the reference sample (pure water) using the known static permittivity of water,

ε = S1 + S2 + ε∞ = 78.368 [14]. τ2, S1, S2, and ε∞ are the independent fit parameters. The thus ob-

tained amplitude S1 can be converted to the molar concentration of unaffected (bulk-like) water molecules,

cb using the Cavell equation [15, 16]:

cb =
kBTε0
NA

2ε+ 1

ε
· S1 · 1

μ2
eff

(S4)

where NA and kB are the Avogadro and Boltzmann constant, respectively and T is the thermodynamic

temperature. μeff is the effective dipole moment of water in solution. μeff was assumed to be constant and

the same as for neat water μeff = 3.8D (1D = 3.33564× 10−30 Cm) [12, 17].
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Supporting Figure

Figure S1: Anisotropy parameter, R(t), for the OD stretch vibration for solutions of 20 % hyaluronan (a)

and 20 % dextran (b) in isotopically diluted water (8 % HOD in H2O). Dashed red lines correspond to

fits of a single exponential decay to the experimental data. Solid blue lines show the fits with a double

exponential decay (eq 1).
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