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1. Neutron scattering: QENS interpretation and dataset analysis

QENS analyzes the broadening measured as an energy transfer (E =/iw) function that
appears around the base of the elastic scattering signal, resulting from dynamical
relaxation processes in the system occurring on a timescale which is compatible with
the spectrometer energy resolution window. The elastic signal is modelled using the
instrumental resolution function obtained using a vanadium standard convoluted with
a J(w) term that accounts for all dynamics occurring slower than the instrumental
resolution. Any faster dynamics are incorporated in the background that appears flat
in the observed spectrum (Figures 2A,B; Figure S1). The scattering function (S(Q,))
is composed of coherent and incoherent terms reflecting the spatio-temporal
correlations among systems of identical nuclei (Si..(Q,w)) and those of distinct nuclei
(Scon), as a function of the momentum (Q) and energy exchange (27).

Considering the incoherent scattering term, the measured QENS signal can be
deconvoluted into vibrational (Sy), rotational (Sz) and translational (S7) components :

SinC(Q' w) = SV(Q'(U) ® SR(Q'(‘)) ® ST(Q'(‘))
(S1)

In the case of isotropic, harmonic vibrations, the vibrational contribution can be
expressed in terms of the mean-square displacement (<u>), and Eq. S1 is rewritten
as:

Sinc(Q,w) = e @3 Q $(Q,w) ® Sr(Q,w)
(S2)

The QENS broadening due to Sz and Sr components is modelled using one or more
Lorentzian functions as demanded by the individual datasets or the dynamical
relaxation model being considered (Figures 2A,B; Figure S1). The resulting
Lorentzian fits are analyzed by examining the correlation of the linewidth (7
HWHM) that determines the relaxation time (7) for the process involved as a function
of Q. Following this procedure we can discriminate between: 1) diffusional processes
that involve c-o-m displacement and ii) localized rotational-translational movements.

Diffusional motions result in a dispersive 7(Q’) relation. In the case of bulk and
nanoconfined water, such relations are analyzed according to one of a hierarchy of
possible jump-diffusion models to extract the translational diffusion coefficient (D)
(21-23). The simplest jump-diffusion model applied here appears as Eqs. 2 and 3 in
the main paper. Localized movements that do not involve c-o-m translation such as
pseudorotational dynamics in bulk water and that also arise when water molecules are
present in a nanoconfined environment lead to a non-dispersive 7(Q°) relation that is
interpreted in terms of the relaxation time (zr). In this case two main features are
manifested in the QENS data (2/-23): 1) the emergence of an elastic component in the
dynamic structure factor (EISF) and ii) a linewidth I' which becomes practically
invariant at low-Q. From this latter it possible to extract the local diffusion coefficient
(Dioc; Eq. 4 main paper) within the confinement region (approximated by a sphere of
radius a as shown in Figure 2F of the main text).

2. Neutron scattering experiments and instrument facilities

Samples for neutron studies were prepared by loading ~ 0.9 g of material into thin-
walled annular aluminum cells and sealed either i) in ambient air in order to study
PTI-H,O as a function of temperature (Figures 2A-F) or ii) in a dry (<1 ppm H,O) Ar-



filled glovebox to examine the dynamics of IF-PTI (Figure S1). Additional
experiments were carried out for PTI samples intentionally hydrated with excess
water (up to 30% by weight) (see below and Figure S3). Data were acquired between
5 and 345 K. QENS profiles were measured using a combination of time-of-flight
near back-scattering (AE = 25 peV; OSIRIS, ISIS, UK) and high-resolution
backscattering (AE = 3.5 peV; IN16B-BATS, ILL, France and AE = 1 peV; HFBS,
NIST, USA) spectrometers. This range of instruments allowed the examination of
nanoconfined and translational diffusive water motions over a broad time window
spanning from tens of picoseconds to several nanoseconds. The results of our data
analyses are summarised in Table S2 along with comparisons with Dr, Dj,. and
values for materials examined in previous experimental and simulation studies.

We began our investigation by testing, IF-PTI and PTI-H,O (containing ~9 wt%
water). The analysis performed over a broad time window (tens of ps to ns) confirmed
that QENS broadening was only visible in the case of PTI-H,O, and therefore only
related to the water movement (Figures 2A,B, Figure S1). In the tens of ps time scale
(4E = 25 peV) the data indicate that diffusive dynamics enter in the spectroscopic
window above 250 K. Extending the investigation to ns (4E = 3.5 ueV) timescales it
was clear that localized motions were visible from 150 K whereas diffusive dynamics
entered the spectroscopic window just above 240 K. These dynamics were
significantly slowed with respect to bulk water, but were comparable with water
confined in different nanoporous matrices including Vycor glasses, Nafion, CNT and
GO (Table S1).
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Figure S1. QENS data obtained for PTI before (IF-PTI) and after exposure to
atmospheric moisture (PTI-H,O containing ~9 wt% H,O intercalated within the
structure). Experiments have been performed at three spectrometers with different
instrumental resolutions: E,., = 25 peV (OSIRIS, ISIS, UK) (40), 3.5 peV (IN16B, ILL,
Grenoble) (47) and 1 peV (HFBS, NIST, US) (42) US) to investigate a time scale ranging
from ns to a few tens of ps. Raw data and lineshape fits are shown for Q = 1.2 A" with a
logarithmic intensity scale to highlight QENS contributions. The global fit (red continuous curve)
is overlain on the ata points (black). The instrumental resolution profile convoluted with
the 0 (w) function obtained at 5 K is shown in blue. (A) Lorentzian components are present
in the QENS profile by 150 K for PTI-H,O (top panels). These represent a convolution of
localised relaxational (rotational-translational or librational, green) and/or c-o-m (i.e., transla-
tional diffusion, magenta) contributions. (B) In contrast, no QENS signal was observed for
IF-PTI between 5 to 275 K.

Table S1. Comparison of dynamical data for water mobility in bulk and nanoconfined
within different matrices. Translational (D,), nanoconfined (D). and rotational (zz)
relaxation dynamics for translationally mobile H,O molecules in different environments. The
comparison was made over a wide range of temperatures and conditions. Data for PTI-H,O
were acquired at two spectrometers with energy resolutions E,., = 3.5 and 25 peV and
analyzed using Eqns. 3 and 4. The dynamics for PTI-H,O are significantly different to those
observed for stable (43-44) and supercooled liquid water (45), although the differences
become less for H,O samples nanoconfined within Vycor® or partially hydrated Nafion®
matrices (46). We also compared our results for PTI-H,O with data obtained for water
mobility in AQP1 (14,33), CNT (/4,25-29) and intercalated within GO (10-11).



T (K) Sample Water uptake Technique D, 10° (cm?/s) Dy, 10° (cm?/s) | tr(ps)
150 PTI 9 wt% QENS; 5 ey - - 73.0
180 CNT (2a = 1.7 nm)* 20-57 wt% NMR / MD - - ~800
200 CNT (2a = 1.4 nm)* 11 wt% QENS 2 v 0.16 - -

PTI 9 wt% QENS;35 v - - 50.6
225 PTI 9 wt% QENS;35 v - 38.5
230 CNT (2a = 1.4 nm)** 11 wt% QENS| 2 v 0.24 - -
235 Bulk water*® - PLH 0.085 - -
CNT (2a = 1.7 nm)* 20-57 wt% NMR / MD ~7.0
240 CNT (2a = 1.4 nm)** 11 wt% QENS, ev 0.27 - -
Bulk water*® - PLH 0.15 - -
9 wivh QENS; 5 ey 0.42 1.1 18.8
245 PTI QENS - - 28.6
~30 wt% 2 wey - - 26.0
CNT (2a = 1.4 nm)* QENS 2 v 0.46 - -
250 11 wto
CNT (2a = 1.4 nm)* Wik QENS70 ey 0.06 - 1.25
9 wt% 0.65 1.20 45
255 P ~30 wt% QENS:s v 0.70 1.55 6.6
100% RH 0.75 1.40 -
258 Vycor® EN
JEor 25% RH QENS 1.20 0.30 R
260 CNT (2a = 1.7 nm)* 20-57 wt% NMR / MD - - ~3.0
CNT (2a = 1.4 nm)* 11 wt% QENS| 2 v 0.54 - -
9 wt% 0.83 2.45 3.9
265 P ~30 wt% QENS:s v 0.92 230 4.4
QENS; 5 ey 0.50 - 7.3
9 wt?
275 PTI Wik QENS 0.98 3.85 32
~30 wt% 25 peV 1.39 - 2.6
100% RH 1.40 3.30 -
Vycor® EN
278 JEor 52% RH QENS 1.82 1.40
Bulk water® - QENS 1.35 - 1.33
280 CNT (2a = 1.4 nm)* 20-57 wt% NMR / MD - - ~1.8
CNT (2a= 1.4 nm)*® 11 wt% QENS70 ey 0.36 - 0.84
285 PTI ~30 wt% QENS:s ey 1.75 - 2.0
293 Bulk water® - QENS 2.40 - 1.0
CNT (2a = 1.4 nm)* . - - ~1.0
CNT (22— L1 om)® 20-57 wt% NMR / MD - - 0
CNT (2a=1.4nm)* 11 wt% QENS70 ey 1.0 - 0.61
CNT (2a = 0.8 nm)*’ - 2.5(D,=4.3;D,,=16) - -
CNT (2a= 1.1 nm)”’ - MD 3.2(D,=3.5; D,, =3.0)
CNT (2a=0.8 nm)*® - D,=1.16
GO (2a=0.65 nm)"! N, =58 MD 30.87 - -
300 GO (2a=0.65 nm)"! N, =986 1.49 - -
GO (2a=0.6 nm)"’ - MD ~0.70 -
MD 11.3 (pH 3.0) - -
. = 14 -
CNTporn (22=0.8 nm) Stopped-flow | 4.4 (pH 3.0); 0.9 (pH 7.8) - -
AQP1" - Stopped-flow 0.15 - -
AQP1® - - 0.4-0.8 - -
L=33 0.45 - -
46
Nafion =175 QENS 20 3 B
QENS; 5 uev 0.77 - _
0,
305 PTI 9wt OENS 132 ; 2.8
~30 wt% 2o wey 2.73 - 1.6
9 wt% 1.66 - 2.6
315 P ~30 wt% QENS:s v 3.60 - 13
PTI 9wtk e, i;g } 23
330 ~30 wt% QENS:s v 430 - 12
CNT 2a=1.1-1.7 nm)* 20-57 wt% NMR / MD - - ~0.6
Bulk water* - NMR 4.80 - -
9 wit% 2.00 - 2.0
345 PTI 30 Wik QENS;5 v <o - -




3. DFT calculations and geometry optimization

DFT calculations were employed to study the locations and bonding of H,O
molecules within the interlayer sites, the equilibrium geometry of IF-PTI and
PTI'H,0O and to predict energy barriers for transport within and between the layers.
Calculations were carried out using the PBE functional with D3 corrections for the
dispersion forces as implemented in the code CRYSTALI17 (38). The geometry
optimized results for IF-PTI revealed two slightly different minimum energy solutions
for the stacked layers (labelled X and Z) that differed by less that 0.001 eV per C;N;H
formula unit (Figure S3A,B). Both resembled the AA' stacking motif of the original
PTI-LiCl or PTI-LiBr compounds containing intercalated Li+ and CI/Br ions in
which the C;;Nj;Hj; intralayer voids are aligned along the c¢ axis resulting in
continuous nanopores for H,O molecules to travel through the structure. The two
structures are related by slight displacements of adjacent layers along the (010) and
(210) directions.The IF-PTI (X) configuration provided an excellent match to the
experimental XRD pattern for both IF-PTI and PTI-H,O (Figure 4B in main text).
The same two configurations were obtained following geometry optimization of the
PTI-H,O structure (Figure S3C,D) but in this case the X configuration was 0.007 eV
per C,NsH formula unit lower in energy.

A B
IF-PTI (X) ’ ;

Figure S2. Two different geometry optimized structures, labelled X and Z, for IF-PTI
and PTI-H,0 structures, obtained from DFT -calculations. Both structures contain
overlapping void spaces between successive layers, a feature that enables facile water
diffusion along the interlayer channels. Structures X and Z have been obtained starting from
an AA’ stacking of the PTI layers in space group P6; cm, which is the stable phase of
PTI-LiCl (19), and removing the LiCl intercalants. They correspond to slight displacements
of adjacent layers along the (010) and (210) directions respectively. The two structures are
nearly isoenergetic, with a difference of less than 0.001 eV per C,N3;H formula unit, for the
IF-PTI material. In presence of water, structure X is stabilised by 0.007 eV per formula unit



over Z, corresponding to 0.021 eV per intercalated water molecule. The alignment of the
intralayer C,,N,H;ring nanopores along the ¢ direction is therefore retained, independently
from the water concentration.

4. Membrane performance

Although solution-diffusion type models are often applied to rationalize engineering
performance of membranes (47), they do not explicitly account for molecular and
nanoscale heterogeneity (e.g. pore morphology and topology). Coronell and co-
workers have introduced descriptive strategies to account for these “microscale
variations” employing “carefully weighting” of contributions based on some
knowledge of morphology and connectivity (30, 48-49). Here we implemented this
type of model using water self-diffusivity calculated via QENS (Eq. 1 main paper) to
predict membrane permeance of hypothetical PTI-membranes having different
thicknesses (Table S2). For comparison we also estimated the water permeability (P,,)
according to the approach suggested by Tunuguntla et al. (/4), where the mobility of
single-file water molecules was described by the Einstein relation:

D =ZPw (S3)

2vy,

were z is the average distance between two water molecules in the single-file water
wire (~2.78 A), and v,, is the molecular volume of one water molecule. We predicted
permeance and permeability values for PTI membranes. Our data for a 1 nm thick
membrane predict a permeance of 96 L/(cm” day MPa); this figure at 300 K exceeds
by several orders of magnitude the averaged value for RO membrane (2.6 10 L/(cm®
day MPa)), but is comparable to freestanding graphene single-layer (129 L/(cm’ day
MPa) (Table S2).

Table S2. Water permeance and permeability for different model membranes.
Comparison between permeance for PTI membranes with different specifications, modeled
using the self-diffusion for bulk PTI. Water permeance (P) is modeled according to Eq. 1 (30,
48-49); water permeability (P,,) is modeled according to Eq. S3 (/4). Comparison is made
between a few composite, CNT and GO membranes (/4, 31, 32,50-51) as well as AQP1 (52).

Sample Membrane characteristics PLm’h'bar") | P(Lem?day' MPa') | P, (ecm’s™)
PTI 1 pm/ 135 ng water 4.0 9.6 107 -
10 nm/ 1.35 ng water 400.0 9.6
1 nm/0.135 ng water 4000.0 96.0 -
- - - 1.00 107"
RO membrane™ ~2.6 107 -
Functionalised 10.2
CNT”
CNT/GO ~30 - ~700
composite™
GO membrane™ 3 nm 1370 (33)
Freestanding GO™' - - 129 -
CNT, 350m pH 7.8 - 0.06 10"
pH 3.0 0.22 10"
CNTo6gam pH 7.8 0.68 10"
pH 3.0 3.40 10"
AQP1% - 0.1210™"




5. PTI treated with an excess of water (~ 30 wt%)

For completeness we also studied PTI-H,O treated with an excess of water (~30 wt%;
see Figure S2, Table S2). The analysis clearly indicates that above the threshold of ~9
wt%, which represents the maximum amount of H,O that can be intercalated within
the structure, any excess is observed to behave as bulk water. Interestingly the
dynamics of the highly confined water remain visible in QENS data taken below 265
K; this suggest the presence of two populations of water: i) the intercalated
(nanoconfined) H,O molecules, and excess (bulk) H,O that is being examined in a
deeply supercooled regime. This bulk water signature must be derived from water that
is closely associated with the surface of the PTI-H,O crystals.
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Figure S3. Analysis of QENS and EISF data for PTI-H,O containing excess (~30 wt%)
water included with the sample. Data were obtained at OSIRIS (ISIS, UK) with an
instrumental resolution of 25 peV. (A) Dispersive [ T(QZ) plot for the narrow Lorentzian
component observed between 255 to 345 K indicating c-o-m diffusional displacements of the



H,O molecules. (B) Dispersionless I'x(Q°) dynamics where I is: i) the linewidth of the
single Lorentzian function found for the system dynamics at low T (255 K), or ii) by
deconvolution from the broad (I’ + I'z) component when two Lorentzian functions were
needed to describe the dynamics (255 to 345 K). (C) EISF data obtained at OSIRIS. The data
could be modelled by fitting to rotation of intercalated and nanoconfined water molecules
within a spherical volume of radius a (Egs. (2) and (4) in main text). The data were best fit
using 2a = 8 and 10 A at 255 and 265 K, respectively (inset). A similar range of values was
estimated independently from fitting the plateau at low-Q in the I'7(Q°) plot (panel A) using
Eq. 4 in the main text. (D) EISF for PTI-H,O with excess water at 275-305 K. Here the
observed behaviour (filled squares) can be modelled by assuming rotation of free H,O
molecules within a sphere with radius 0.98 A determined by the O-H bond length (solid line).
The percentage of mobile protons probed by the QENS experiment (Eq. 4 main text) is shown
in the inset as a function of temperature between 255 and 330 K. (E-F) Dy and D,,. dynamics
of PTI treated with an excess of water (~30 wt%; green up-triangles) compared with
parameters for bulk H,O (blue squares - QENS (43); light blue diamonds - pulsed-laser-
heating (45); dark blue stars - NMR (44) and viscosimetry (53)). Lines are drawn as guides to
the eye. (F) Residence time map (zy; raw data modeled with Eq. 1 main text). (G) Rotational
relation time map (where 7z = A/l ).
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