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All polymers exhibit gas permeability through the free volume of entangled polymer
chains', By contrast, two-dimensional (2D) materials including graphene stack densely

and can exhibit molecular impermeability*°. Solution-synthesized 2D polymers

that exhibit the latter by poly-condensation have been alongstanding goal. Herein,
we demonstrate self-supporting, spin-coated 2D polyaramid nanofilms that exhibit
nitrogen permeability below 3.1 x 10~° Barrer, nearly four orders of magnitude lower
than every class of existing polymer, and similar for other gases tested (helium,
argon, oxygen, methane and sulfur hexafluoride). Optical interference during the
pressurization of nanofilm-coated microwells allows measurement of mechanosensitive
rimopening and sealing, creating gas-filled bulges that are stable exceeding three years.
This discovery enables 2D polymer resonators with high resonance frequencies
(about 8 MHz) and quality factors up to 537, similar to graphene. A 60-nm coating

of air-sensitive perovskites reduces the lattice degradation rate 14-fold with an oxygen
permeability of 3.3 x 1078 Barrer. Molecularly impermeable polymers promise the
next generation of barriers that are synthetically processable, chemically amenable
and maximize molecular rejection with minimal material, ultimately advancing

sustainability goals.

Polymeric materials are conventionally thought of as intermediate in
order between crystalline and amorphous’. This orderingis described
asatwo-phase mixture of densely packed crystallite domains dispersed
throughout an amorphous phase. The former are considered to be
gas-impermeable because of the absence of free volume?. The free
volume contribution from theamorphous phase, presenteven at high
crystallinity, gives rise to gas permeability in polymers'2. Liquid crys-
talline polymers, which necessarily assemble as a fluid with minimal
free volume, have the lowest reported nitrogen (N,) permeability at
about107 Barrer"* (1 Barrer =3.348 x 10*mol m™s™ Pa™). By contrast,
defect-free graphene, monolayer or multilayer, consists of ideal crystal-
lites that possess no free volume and, consequently, are impermeable
toallgases* . Although 2D lattice materials like graphene can exhibit
near-perfect gas rejection as nanofilms, they must be grown at high
temperatures and manually transferred as macroscopic layers, limit-
ing their use as barrier materials. The processability and formability of
conventional polymers allow themto be easily applied onto surfaces,
but their residual free volume limits their use as barrier materials. Elimi-
nating free volume with traditional polymersis extremely challenging,
ifnotimpossible, asitrequires perfect packing of dynamic segmental
chains. Polymers that extend covalently in 2D, as we® and others’ ™ have
synthesized in the solution phase, can necessarily pack with negligible

free volume. Hence, 2D polymers can potentially exhibit barrier proper-
tiesthus far only observed for 2D inorganic crystalline nanomaterials.

Here we use a 2D polyaramid polymer (2DPA-1) synthesized from
the polycondensation of melamine and trimesoyl chloride (TMC)%*
toformmolecularlyimpermeable nanofilms between4 nmand 65 nm
thick. Whendispersedin trifluoracetic acid (TFA) or dimethylsulfoxide
(DMSO), 2DPA-1 forms nanoplatelets with diameters on the order of
10 nm (Fig. 1a,b). Unit cells formed by repeating inert amide linkages
with triazine cores afford 2DPA-1 a high degree of chemical stability
and processability (Supplementary Figs. 1and 2)—a consolidation of
properties not commonly found in covalent organic framework (COF)
analogues synthesized by means of conventional solvothermal meth-
ods". Several strategies exist to process COFs for thin film applica-
tions™ ¢, but experimental realization of impermeable COFs" remains
wanting because of the formation of defects'. Crystallinity estimates
0f20.7% + 6.2% from powder X-ray diffraction indicates 2DPA-1lacks
long-range order (Supplementary Fig. 3); however, a combination of
polarized photoluminescence (Supplementary Fig. 4) and scanning
transmission electron microscopy (STEM) of spin-coated 2DPA-1thin
films shows anisotropy in the form of layered, orientational ordering
(Fig. 1c-e). The latter indicates a 3.3 + 0.2 A centre-to-centre inter-
layer spacing between stacked 2DPA-1monolayers. The commensurate

'Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, MA, USA. Department of Chemical and Biological Engineering, University of Colorado-Boulder,
Boulder, CO, USA. °Department of Mechanical Engineering, Division of Materials Science and Engineering, and the Photonics Center, Boston University, Boston, MA, USA. *Oden Institute for
Computational Engineering and Sciences, Walker Department of Mechanical Engineering, University of Texas at Austin, Austin, TX, USA. SChemical Sciences Division, National Institute of
Standards and Technology, Gaithersburg, MD, USA. ®Department of Chemical Engineering, National Taiwan University, Taipei, Taiwan. 'Department of Polymer Science & Engineering, University of
Massachusetts-Amherst, Amherst, MA, USA. ®These authors contributed equally: Cody L. Ritt, Michelle Quien, Zitang Wei. *%e-mail: bunch@bu.edu; strano@mit.edu

Nature | Vol 647 | 13 November 2025 | 383


https://doi.org/10.1038/s41586-025-09674-9
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-025-09674-9&domain=pdf
mailto:bunch@bu.edu
mailto:strano@mit.edu

Article

Pint > Pext

Pint > Pext Pext

Fig.1|2DPA-1nanoplatelets as free-standing thin films for bulge
formation. a, Theoretical structure of 2DPA-1monolayer platelet. b, TEM
image of dispersed 2DPA-1 nanoplatelets adsorbed on the surface ofa
graphene-supported TEM grid. Image taken at x110,000 magnification.

¢, Theoretical structure of a2DPA-1lamella with sparse voids formed because
ofimperfect packing between neighbouring platelets. d,e, Ordering of 2DPA-1
lamellaobserved at the edge of a spin-coated nanofilm by STEM (d) and
correspondingintensity profile (e). Yellow dashed lines indicate the scan
region. STEM taken at x4,000,000 magnification. f-k, Free-standing 2DPA-1
films, after being transferred onto the Si/SiO, microwell substrate, forming
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either positively deflected bulges (f-h) or negatively deflected dimples (i-k).
fandidepict cross-sectionalillustrations of the film deflections based on

the pressure of the internal environment, p;,., with respect to the external
environment, p.,.. The greenlayer representsthe 2DPA-1thin film.gandjare
optical micrographs of abulge and dimple, respectively. hand k are AFM
images of the bulge and dimple from g and j, respectively. Height intensities on
thenanometre scale. The solid white lines represent cross-sectional deflection
profiles taken from AFM, where §indicates the maximum film deflection. Scale
bars, 50 nm (b), 5nm(d,e), 2 pm(g,h,j k).
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Fig.2|Observation of dynamicfilling and N,impermeability of 2DPA-1.

a, Deflection of 2DPA-1dimples before, during and after N,-pressurizationinan
environmental stage. White- and red-filled data points represent deflections
determined directly by means of AFM measurement and indirectly by means
of opticalinterference analysis, respectively. The dark grey shaded region
indicates the pressure ramp-up period from 0 kPa to 150 kPa (gauge pressure),
and thelight grey shaded regionindicatesa150 kPagauge pressure of N,.
Non-shaded (thatis, white) regions represent atmospheric pressure. The insets
show cross-sectional profiles of bulge deflections at respective time steps
taken from the optical analyses of the imaged bulges (pictured above insets).
b, N, permeability withrespect to degree of crystallinity (X.). The dashed black
lines mark the maximum permeability allowed for a35-nm bulge to remain

thickness of monolayer 2DPA-1 platelets, roughly 3.7 A3, is consistent
withanabsence of free volume between 2DPA-1layers, mirroring inor-
ganic 2D crystals®.

Toinvestigate molecularimpermeability, nanofilm bulges®*** have
been used to measure as low as 10™ Barrer (10 molm™s™Pa™), or
5Smolecules s across a 5-um-diameter microwell at1atm (101.3 kPa).
We measured the gas permeation properties of 2DPA-1films (root mean
square roughness less than1 nm) by suspending them over 1-um-deep
microwells (Supplementary Fig. 5) etched into a silicon/silicon oxide
(Si/Si0,) wafer with a285-nm oxide layer. We find that 2DPA-1nanofilms,
even as thin as about 4 nm, are mechanically robust enough to trans-
fer onto the microwell array without rupture (Extended Data Fig. 1),
similar tographene. Also similar, the transfer at room temperature can
resultin trapped ambient air, producing positively deflected bulges
between 50 nm and 500 nm in height as measured by atomic force
microscopy (AFM; Fig. 1f-h and Extended Data Fig. 1). Alternatively,
thermal annealing immediately following transfer results in dimpled
downwards bulges depressed =500 nm to —190 nm below the well
surface (Fig. li-k and Extended Data Fig. 2). The deflation rates of the
air-trapped bulges lack a thickness dependence, implying that gas
leakageis occurring variably through the seal between the 2DPA-1film
and microwell interface.

Itisnot possible to dynamically observe a well under pressurization
using a standard AFM; however, under an optical microscope with an
environmental stage, we observe an optical interference effect that
allows correlation with physical AFM position by Fourier analysis.
Distinct optical profiles arise from changes in the interference of col-
lected light that correspond with the distance between the film and
the bottom of the reflective Si/SiO, microwell, or rather, the deflection
of the film (Supplementary Fig. 6 and Extended Data Figs. 3-6). This
phenomenon enabled the development of graphene interferometric
modulators? and can be exploited to gain access to real-time deflec-
tion monitoring.

By using the optical interference described above—and begin-
ning with negatively deflected 35-nm-thick dimples—we can observe
dynamic gas filling using a pressurized microscopy stage (Fig. 2a,

Degree of crystallinity, X_ (%)

inflated over various durations for the microwells used in this study. The red
starsrepresent the threshold permeability for 2DPA-1based on the observed
persistence of 59 2DPA-1-covered microwells over 110 d after filling with

150 kPaN,. The N, permeability of liquid crystalline and glassy polymers,
such as poly[bis(trifluoroethoxy phosphazene)] (PTFEP), polyacrylate (PA),
poly(p-phenylene terephthalamide) (PPTA), poly(p-hydroxybenzoic acid-
co-6-hydroxy-2-naphthioic acid) (HBA/HNA), poly(4-methyl-1-pentene) (PMP),
poly(lacticacid) (PLA) and polyethylene (PE) areincluded fromref.1for
comparison, along with the H, permeability of graphene®. Permeability
values are at the method detection limit and may be considered effectively
zero.’Powder X-ray diffraction of four bulk samples was used to estimate the
upper bound of X, for 2DPA-1, with error bar denoting the standard deviation.

Supplementary Video 1 and Supplementary Figs. 7 and 8). The
as-formed dimple stipulates that ambient air is unable to enter the
microwell and balance the pressure, indicating that (1), the 2DPA-1film
itselfis impermeable to air; and (2), the seal at the well’s rim, formed
from van der Waals adhesion between the 2DPA-1and SiO, interface,
remains intact to prevent leakage. Pressurizing the stage to 150 kPa
(gauge pressure) initially increases the deflection of the film by 6%
(from-354 nmto -332 nm) before reversing and depressing to amini-
mum of =355 nm after almost 1 h. The dimpled film then reverses again,
increasing in height before plateauing at roughly 250 nm after 3 h
of pressurization when the gas has presumably filled the microwell
to equilibrate pressure on both sides of the film. The film does not
returnto aneutral suspended state (that s, level with the SiO, surface)
but instead remains depressed in the microwell because of adhesion
of the film to the interior of the microwell (Extended Data Fig. 2). The
inflection during bulge pressurization corresponds to two competing,
intermittent forces on the bulge: the hydrostatic pressure pushing
downwardsintothe wellwhentherimissealed, and inflation from gas
filling through the film-substrate interface when the rimis opened. We
find that the rimseal can be manipulated in this way using the rate and
magnitude of gas pressurization. Further evidence that the pressurized
gas, N, inthis case, is sealed in the 2DPA-1-covered well is provided by
the formation of stable, positively deflected bulges with deflections
that correspond to the applied N, pressure after releasing to1atm
(101.3 kPa; Extended Data Fig. 7).

This direct observation of unsealing and resealing at the microwell
rimresolves alongstanding puzzle as to how such 2D material bulges
formfrom pressurization with leak-proof seals. Recent work confirms
that gas diffusion probably occurs through the interface, where the
seal canbeimproved by means of thermal annealing, applied pressure,
metal deposition and engineering atomically smooth interfaces>* %,
The observations herein confirm that the substrate-nanofilm adhesion,
forming amanipulatable rimseal, provides agreater degree of control
over the contents of the resulting bulge. This provides direct evidence
ofamechano-sensitive opening of the rim seal, further supporting its
importance to gating molecular transport from sealed microwells.
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Fig.3|Random fluctuationsinbulge deflection over time for various
gases.a-d, Normalized deflection of bulges filled with N, (a), SF4 (b), Ar (c)
and CH, (d), measured over time. The solid, coloured lines and shaded regions
represent the average and standard deviation of the normalized bulge
measurements at each time point, respectively. The dashed black line marks
the normalized initial deflection, 6,, for allbulges. e-h, MSD analysis for four
2DPA-1bulge deflections measured over1,000 d, with measurements for each
independentbulge depictedin panelse, f,g,and h. Bulge deflections are

Wetracked the deflections for aset of 8 bulges from the total 59 that
wereinflated with150 kPa of N, for 110 d (Fig. 2b). No deflation occurred
over that time that would indicate gas escaped the microwell at rates
above our measurement detection limit. We confirmed the successful
trapping of N, over that duration by gently puncturing abulge with an
AFM tip, observing it collapse immediately after the pressure was
released (Supplementary Fig. 9). The inability of both pressurized N,
toescapebulgesand atmospheric N, to equilibrate negatively presured
dimples, where Ap,  <Ap, ,points toafilm thatis N-impermeable.
This finding corroborates the low surface area measured for 2DPA-1
platelets by means of Brunauer-Emmett-Teller (BET), where N, was
used as the probe gas (Supplementary Fig. 10).

Using the half-life (¢,,) of the N,-pressurized bulges that did not
deflate over 110 d of observation as a conservative estimate of the
bulge lifetime (Methods), we can threshold the N, permeability (Py,)
of 2DPA-1below 3.1 x107° Barrer (1.0 x 10*mol m™s™ Pa™). This per-
meability, whichis nearly four orders of magnitude lower than that of
the least permeable liquid crystalline polymers (Py, = 2 x 107 Barrer
or6.7x10"mol m?*s?Pa™), is closer in comparison to the H, per-
meability of pristine graphene (Fig. 2b). Furthermore, achieving this
level of impermeability necessitates the absence of transmembrane
defects, as even the presence of a single 1-nm Knudsen pore would
resultin Py, =7 x1072Barrer (2.3 x 10 "mol m*s? Pa™) and, conse-
quently, a near-immediate collapse of the bulge (Supplementary
Fig. 11).
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represented as grey diamonds (top). The MSDs of these deflection data,
represented aslightblue circles (bottom), are fit toasquared confinement
length, RZ2, by means of equation 21 for confined diffusion (red line).

i, Logarithm of §, (base 10) with respect to the logarithm of RZ (base 10).
Datapointsare taken from e-hand Supplementary Fig.22. The solid curve
representsalinear regression between the two log,,-transformed variables
withR?=0.92. Theinsetillustrates theincreasein RZ, depicted as variationin
thebulge deflection, for systems with greater initial deflections.

The impermeability of 2DPA-1implies an absence of free volume
required for molecular transport. The pore in the 2DPA-1 unit cell
is estimated to be about 1 nm in diameter; hence, it is unlikely that
amonolayer platelet would impose substantial resistance to most
gas molecules?. We ruled out the possibility that water or other rel-
evant solvent could be occluding the pores by means of simultaneous
thermogravimetric analysis with mass spectrometry (TGA-MS) and
the observation of several bulges that remain inflated on heating to
120 °C (Supplementary Figs. 12 and 13). The impermeability neces-
sitates a staggered configuration of stacked 2DPA-1 bilayers, similar
to AB stacking in COFs?”%, to reduce the effective pore size, enhance
chemical interactions and eliminate free volume. Density functional
theory (DFT) calculations indicate that staggered pores are the most
energetically favourable stacking configurations, with eclipsed stack-
ing (that is, AA stacking) being the least favoured (Supplementary
Fig. 14).

Assuming complete steric exclusion, a pore-to-pore offset of 61%
imposes the greatest steric restriction to molecular transport, cor-
roborated by hard-sphere, hit-and-miss Monte Carlo simulations®!
(Supplementary Figs. 15 and 16). Using high-throughput DFT and
molecular dynamics (MD) simulations (Extended Data Fig. 8 and
Supplementary Figs. 17-20), we calculated the N, translocation
energy barrier across a bilayer pore to be 65.6 k] mol™ in the most
occluded scenario. The total energy barrier increases to 77.0 kj mol™
when accounting for sequential hopping throughout a 100-layer
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Fig.4|Scaling 2DPA-1for practical applications. a, Theoretical and
experimental aromatic-to-end group ratio, r, versus aromatic skewness, s.
Shown are the dendritic limit (blue circle with cross), the polycyclic curve
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thenalong the polycyclic curve from the dendritic limit. Solid red data points
indicate perfect polycyclic 2DPA-1platelets that can form mechanically
stable, suspended thin films. Solid blue data points are 2DPA-1platelets
intermediate between polycyclicand dendritic that cannot form suspended
films. b, lllustration of asuspended 2DPA-1film as ananoelectromechanical
resonator, where the thermal vibrations of the film are detected by afocused
helium-neon laser. ¢, Power spectral density of thermal displacement

(about 35-nm) film and lies between values measured for extremely
thick (o-~pm) crystalline polymers®*** and pristine monolayer
graphene®.

The ability of 2DPA-1filmsto trap gasinthe microwellsis not exclusive
to N,. We observed similar multiday persistence for bulges filled with
sulfur hexafluoride (SF), argon (Ar) and methane (CH,; Fig. 3a-d), indi-
cating that 2DPA-1is likewise impermeable to gases other than N,. We
note that the formation of persistent bulges from this method was not
observed for smaller gases such as oxygen (0,), carbon dioxide (CO,),
helium (He) or hydrogen (H,). We measured unary adsorptionisotherms
for CH,, CO,, He and H, on 2DPA-1 platelets at 298 K up to 1 MPa (Sup-
plementary Fig.10). At 150 kPa, negligible He and H, adsorption were
observed (less than 7 pmol g™), with only marginal adsorption of CO,
(380 pmol g™) and CH, (60 pmol g™). Despite the inability of 2DPA-1
films to form persistent bulges with some of these smaller gases, the
adsorption isotherms corroborate the notion that 2DPA-1 pores are
inaccessible. The important coupling between gas escape and their
interactions with the rim seal remains unknown. For the gases that
generated persistent bulges, itis evident that gas transport occurs only
during the pressurization process when the rim seal opens.

The fluctuations in the bulge deflections vary randomly from day
to day by about 5% on average (Supplementary Fig. 21), similar to
leak-free graphene bulges*** and resembling arandom walk. Mean
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fluctuations versus frequency, f, for the fundamental mode of a 35-nm-thick
2DPA-1resonator under 10~°Pavacuum. Dark blue data are taken after initial
introduction to vacuum, whereas light blue data are the final measurement
after complete gas evacuation from the microwell. d, Illustration of 2DPA-1
spin-coating process on MAPbI; three-dimensional perovskite to assessits
inhibition of O,and H,O (red circles) permeation. e,f, XRD spectra of MAPbI,
films that were uncoated (e) and coated (f) with a 60-nm 2DPA-1film. Stacked
panelsshow the changeinspectrawith respecttotime exposed toambientair.
The (110) and (220) peaks represent signature peaks of MAPbI,. The (001) peak
represents the signature peak of the degradation byproduct, Pbl,. Insets are
opticalimages of the perovskite films over time.

square displacement (MSD) analyses of the bulge deflections with
respect to time (Fig. 3e-h and Supplementary Figs. 22 and 23) follow
confined diffusion behaviour, where the MSD plateaus at a limiting
value. The MSD of 24 air-trapped 2DPA-1 bulges measured over 1,000 d
plateaued at alimiting value around 200 d, mirroring the behaviour of
leak-free graphene bulges®. Notably, the squared confinement length
taken from this analysis correlates strongly (R*= 0.92) with the ini-
tial deflection of the bulges (Fig. 3i). Given the inherent relationship
betweenthebulge deflectionand internal pressure, MSD analysis may
present itself as a new, practical tool for estimating the pressure of
sealed microwell systems where the internal pressure is unknown.
Further, the longitudinal robustness of the inflated bulges indicates
2DPA-1does notbecome permeable over time because of hygroscopic
degradation common to one-dimensional polyaramids (such as Kevlar)
or physical aging phenomena ubiquitous to polymer systems™, often
manifestinginthe form of altered free volume due to the relaxation of
polymer chains®®. 2D polyaramids thus represent an entirely new and
exciting class of barrier materials—possessing the low permeability
properties of 2D crystals in tandem with the synthetic processability
of traditional polymers.

Platelet size can have a prodigious effect on the gas permeability
of afilm, as higher-aspect-ratio platelets are more likely to lead to
environments with reduced free volume®. The aromatic protons and
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end group protons on 2DPA-1 are detectable using proton nuclear
magnetic resonance ("H NMR), and the ratio of peak integrations
between the two (r) can be used to estimate the platelet size*** (Sup-
plementary Figs. 24-27). We use the skewness (s), defined as the
normalized difference between the mean and mode of the aromatic
peak distribution, as an orthogonal measure of polycyclic aramid
growth®®. By combining both r and s parameters in a 2D trajectory,
we can differentiate polycyclic aramids from dendrimers (Fig. 4a).
Linear scaling of nanoplatelet size with respect to the r parameter is
confirmed by TEM and solution-phase fluorescence measurements,
and it is found to be critical to forming mechanically robust 2DPA-1
films that can suspend over the microwells (Extended Data Fig. 9 and
Supplementary Fig. 28).

Nanoelectromechanical devices ranging from nanoscale resona-
tors to molecular valves have implications for information process-
ing, molecular manipulation and sensing applications*’. Force and
mass sensitivity tend to increase with higher resonant frequency and
lower mass*, rendering ultrathin films ideal for applications such
as nanoscale force sensing and mass detection. We measured the
thermal fluctuation of a35-nm 2DPA-1bulge optically under vacuum
(about 10~ Pa) and detected a resonant frequency in the megahertz
range (Fig. 4b,c and Supplementary Fig. 29). The initial deflection
was measured by AFM. Prolonged vacuum exposure led to total
bulge deflation, determined by interferometry, and coincided with
anincrease in the quality factor (Q) from 87 to 537. Q describes the
efficiency of aresonator in terms of energy loss and is defined as the
ratio of its resonant frequency to the full width at half maximum of
itsresonance peak. Although energy losses associated with changes
inadhesion at the inner wall of the microwell can affect the measured
Q, the sixfold increase in Q is probably due to decreased damping
as gas molecules evacuate the microwell*. This finding further vali-
dates the successful trapping of N, in the 2DPA-1-sealed microwell and
represents a polymer resonator approaching molecular thinness
(that is, sub-10 nm)—presenting myriad opportunities for scientific
exploration.

The facile processability of a mechanically robust and transmem-
brane defect-free filmis crucial to the practical scaling and implemen-
tation of 2DPA-1as amolecular barrier. To demonstrate the potential
for scale-up, we directly spin-coated methylammonium lead iodide
(MAPDI;) three-dimensional perovskite thin films (1cm x 1cm) with
60 nm of 2DPA-1to encapsulate the perovskite and assess inhibition
of O, and water vapour by 2DPA-1 (Fig. 4d-f). MAPbI, is extremely
sensitive to O,and water*?, completely degrading to lead iodide (Pbl,)
after only 3 d of air exposure. Conventional encapsulation methods
for three-dimensional perovskites, such as UV-curable adhesives and
single-layer hydrophobic encapsulation, typically require coatings
over 100 um thick®. By contrast, encapsulating the perovskite with
only a 60-nm-thick protection layer of 2DPA-1 markedly retards the
degradation of MAPbl,—extending its stability to 21 d under ambi-
ent conditions, with negligible degradation observed over the first
7 d. We monitored the degradation kinetics of the 2DPA-1-coated
and uncoated systems by comparing the relative intensities of the
MAPDI, (110) and Pbl, (001) X-ray diffraction (XRD) peaks over time
(Extended Data Fig. 10). The retarded degradation kinetics of the
2DPA-1-coated perovskite begets an estimated O, permeability of
3.3x1078Barrer (1.1 x1072mol m™ s Pa™). This valueis several orders
of magnitude lower than existing crystalline polymers and implies
that the lack of persistent bulge formation on O, pressurization is a
result of inadequate sealing of the microwell interface, potentially
induced by interactions between O, and 2DPA-1 chemical groups.
More importantly, this demonstrates the capability of 2DPA-1 to
be scaled to larger dimensions than the micrometre scale of the Si/
SiO, wells without failing from defect formation, such as cracks or
pinholes that commonly plague thin films made of inorganic 2D
materials®*,
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Methods

Materials

TMC, melamine and N-Methyl-2-pyrrolidone (NMP) were open and
stored in a N,-environment glovebox. All other reagents, including
acetone, isopropyl alcohol (IPA), TFA, deuterated TFA, polystyrene
(280 kDa), anisole, chloroform, hexane, dimethyl formamide and
DMSO were obtained from commercial vendors and used as received.
CD-flat holey carbon (8/2-hole pattern) grids used for TEM were pur-
chased from Electron Microscopy Sciences.

Synthesis of 2DPA-1powder

For a typical 2DPA-1 powder with a high r value, we first mix 1 mmol
of TMC with 1 mmol of melamine in a 40-ml glass vial. Using a mag-
netic stir bar, stir the contents in a N,-environment glovebox with
18 ml of NMP followed by 2 ml of pyridine. Seal the glass vial with a
solvent-resistant cap, and leave the reaction mixture to stir between
350 rpm and 400 rpm at room temperature inside the glovebox for
24 h.Thervalue can be manipulated by altering the duration the reac-
tion mixture is left stirring. After the desired stir time has passed, add
20 ml of IPA into the reaction vial and let the vial continue stirring for
30 minto fully quench the reaction. Remove the vial from the glovebox,
add 20 ml of deionized water, and filter the reaction mixture using a
nylon membrane (Cytiva nylon membrane filters, 0.45-pum pore size,
diameter 47 mm, productno.7404-004) and then wash thesolid residue
repeatedly with IPA. Collect the IPA-rinsed solid residue from the filter
paper and placeinaclean 20-mlglass vial. Add 10 ml of deionized water
and 10 ml of acetone (1:1 volume ratio) into the vial, and stir the solu-
tion with amagnetic stir bar for at least 8 h at room temperature. This
helps dissolve any remaining impurities. After 8 h, filter the mixture
againwithaplastic filter funnel (Chemglass Life Sciences filter funnel,
disposable, 110 ml, 10 pm polyethylene frit, product no. OP-6602-14),
and wash the solid residue several times with acetone. Collect the solid
fromthefilterand dryinavacuumovenat100 °Cfor 3 h. Theresulting
powder should possess a yellow to light orange hue.

Characterization methods for bulk 2DPA-1and thin films
Characterizing 2DPA-1samples with nuclear magnetic resonance (NMR)
spectroscopy followed previously established protocol®®. In brief, we
first suspended 2DPA-1powdersin TFA ata concentration of 10 mg ml™.
We sonicated the solution in a Branson ultrasonic cleaner for 15 min
before addingintoa Wilmad NMR tube (5 mm diameter, economy). All
the 'H NMR measurements were performed at room temperature on
an Avance lIlHD 500 NMR Bruker spectrometer with D1 setting of 1 s.
Characterization by means of *C NMR is reported elsewhere’,

TEM imaging was conducted using S/TEM (Titan Themis Z G3
Cs-Corrected S/TEM) in the TEM mode with an accelerating volt-
age of 200 kV. Images were taken at magnifications ranging from
x11,000 to x4,000,000 using the fast 4k x 4k complementary
metal-oxide-semiconductor camera at MIT.nano. For TEM sample
preparation of nanoplatelets, a diluted solution of 2DPA-1 dissolved
inDMSO was drop-cast onto asingle-graphene-layer TEM grid. For TEM
sample preparation of nanofilms, the as-synthesized 2DPA-1platelets
wereinitially dissolved in TFA at a concentration of 10 mg mland then
spin-coated ontoa TEM grid at1,000 rpm for 1 min. Both sample types
were placed in a vacuum oven at 100 °C overnight to remove TFA and
DMSO before TEM analysis.

The chemical stability of 2DPA-1isimparted by theirreversible nature
of its amide bonds having a high dissociation energy. Transamida-
tion, a potential side reaction common to many polyaramids**¢,is not
observed for 2DPA-1 when exposed to TFA for 9 h (ref. 38). Marginal
changes in the chemical structure occur after sitting in TFA for 24 h,
indicating that some transamidation can occur if the sample remains
in highly acidic conditions for an extended period, but this is beyond
the exposure that 2DPA-1would experience before film processing.

One-dimensional polyaramids are notoriously hygroscopic*. Using
'HNMR, we find no notable effect of water on the chemical or molecular
structure of 2DPA-1 after 539 d (about 1.5 years) of exposure (Supple-
mentary Fig. 1). The data depict aslight increase in the r value from
5.15to0 5.45 after long-term exposure. The aromatic region and end
group region also showed sharp peaks before water storage. Both
observations indicate the presence of small particles before water
storage, which may have disappeared because of particle aggregation
or sedimentation. These data support the chemical stability of this
material in protic polar solvents and the lack of hygroscopic degrada-
tion observed by the sustained gas barrier properties over 1,000 d in
ambient humidity conditions.

Spectroscopy of bulk 2DPA-1and thin films

Amide linkages for bulk 2DPA-1 and thin films were characterized
by means of attenuated total reflectance Fourier transform infrared
(ATR-FTIR) and Raman spectroscopy. ATR-FTIR spectrawere measured
using a Bruker ATR-FTIR Spectrometer with areflection diamond ATR
module. Bulk samples consisted of 2DPA-1 powder compressed against
the diamond ATR module with a copper film backing. To obtain infra-
red signals from the 35-nm 2DPA-1films used in this study, three films
were transferred sequentially onto copper film substrates (thickness
about 100 nm) to maximize both sample cross-section and reflectance.

Ramanspectra (Supplementary Fig.2a) were measured using aconfo-
cal micro-Raman spectrometer in backscattering geometry equipped
with532-nmand 785-nm laser lines (Horiba LabRAM HR Evolution with
hole 500 pm, slit 150 pm, Olympus LMPLFLN x50 air objective, numeri-
cal aperture = 0.5). Low laser powers (about 0.1 mW) were applied to
collect spectra with minimal beam damage at 120-s acquisition time
over two accumulations. The 785-nm laser was used to detect Raman
scattering responses with minimized background photoluminescence.
Bulk 2DPA-1samples were prepared by drop-casting 5 mg ml™ 2DPA-1
dissolved in TFA onto a SiO, substrate. For thin films, we transferred
the 35-nm 2DPA-1film onto agold-sputtered, surface-enhanced Raman
scattering (SERS) substrate to maximize signal. Photoluminescence of
35-nm 2DPA-1 films suspended on the gold SERS substrate was meas-
ured using the polarized 532-nmlaser line in the Horiba LabRAM. Pho-
toluminescence spectrawere collected innormal and parallel modes to
assess anisotropy inthe molecular ordering of 2DPA-1. In other words,
photoluminescence of the film was collected with the excitation source
orthogonal and parallel to the film surface by rotating the substrate
90° from lying flat to on-edge, respectively, as described previously?.

We performed anormal mode analysis on the vibrational density of
states for peak assignment of the simulated structure (Supplementary
Table1). Specifically, we computed the Fourier transforms of the auto-
correlation functions of the polarizability tensor* and dipole moment
vector? for Raman and infrared spectra, respectively. The underlying
data were obtained from ab initio molecular dynamics simulations
carried out at 300 K for 32.5 ps on a bilayer structure in vacuum. The
simulations were performed in CP2K?, where every eighth frame (4 fs)
was selected to performreruns for computing the volumetric electron
densities required for computinginfrared spectrum. For Raman, three
morererunsimulations were performed with electric fields of magni-
tude2.57 x10° V m™ applied along the X, Yand Zdirections, respectively,
to extract field-induced electron-density changes.

Forinfrared spectra, the dipole moment of the systemwas calculated
at each frame by partitioning the electron density using the radical
Voronoi tessellation method*. The molecular dipole moment 1, is
given by’

1y=Y. ZRy~ [ rotr)dr M
A

where Z, and R, denote the core charge and position of atom‘A’inagiven
molecule, and p(r) is the valence electron charge density partitioned



to the molecule. The infrared absorption intensity is then obtained
fromthe autocorrelation function of the time derivative of the dipole
moment vector i, using®

~) = L -2micD't
A(D) = DeockeT I(pD(T) SR+ e dr )

where U is the wavenumber, T=300K, £¢is the vacuum permittivity,
cisthe speed of light, N, is Avogadro’s number, k; is the Boltzmann
constant, and <> denotes time averaging over 7. The derivatives of p,,
were evaluated using a second-order finite difference scheme.

The polarizability tensor, a, used for Raman spectra was computed
from finite-field simulations’:

By, )~y (0)
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where p,,;is the ith component of the molecular dipole moment vector
and £;is the applied external electric-field in thejth direction. Theiiso-
tropic and anisotropic (invariants) Raman scattering cross-sections
were computed from derivatives of the polarizability tensor a using
the expressions depicted in equations 4 and (5), respectively®:
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Here, ﬁin(ﬁnm‘l) corresponds to the incident laser wavelength

used for Raman scattering. All post-processing steps—including Voro-

noitessellation, dipole moment and polarizability computation, auto-

correlation function evaluation and spectral Fourier transforms—were

carried out using TRAVIS®7°,

To understand the origin of the various bands in the infrared and
Raman spectra, we performed a generalized normal mode analysis
as implemented in TRAVIS™. The objective of this analysis is to
extract the normal mode frequencies and the corresponding atomic
displacement patterns. Briefly, we computed the Fourier transform
of the mass-weighted velocity cross-correlation functions to yield
afrequency-dependent matrix, P(), where'®

P(0) = Jmm; m(j G 3+ D), Mt t)_ ©

Here, % denotes the real part (corresponds to symmetrization over
time forwards and backwards correlations), m;and m; are the masses
of the ith and jth degrees of freedom, and X;(7) and x;(r)are the veloc-
ities of the ith andjth degrees of freedom. To decouple the vibrational
modes, theintegrals of the off-diagonal elements of P(0') are minimized
using a modified Jacobi algorithm™. This procedure determines an
orthogonal transformation matrix, C, such that the transformed matrix
P(¥) = CP(¥)C ' has minimized off-diagonal elements. Cis composed
of new coordinate vectors—generalized coordinates—that define the
normal modes of the system. The diagonal elements, Pii(ﬁ), correspond

to the power spectra of the decoupled normal modes. The frequency
of eachmodeis determined by locating the maximum of its correspond-
ing diagonal spectral component.

Forthe analysis,amonolayer trajectory was extracted fromthe bilayer
abinitio molecular dynamics simulation, and translational motion was
removed before post-processing. Once the normal mode frequencies
were obtained, the modes corresponding to various infrared and Raman
bands were identified and visualized using the MOLDEN" package.

Wefind generally good agreement between the bulk Raman spectrum
and the simulated Raman spectrum. Amide I and Il bands are assigned
between roughly 1,450 cm™and 1,650 cm™ to C-C aromatic stretch-
ing and C=0 stretching of the amide groups***°. Amide Ill bands are
assigned between roughly 1,220 cm™and 1,280 cm™ as C-N stretch-
ing and N-H in-plane bending*®*°. Residual TFA is identified in both
the bulk and 35-nm film samples at about 260 cm™ and 2,150 cm™
(ref. 50) because of processing techniques. Although several of the
amide bands are detected in the thin film, the signal is relatively weak
over background photoluminescence because of the limited sample
cross-section. However, a strong Raman band appears at 710 cm™ for
the 35-nm film, which we attribute to symmetric stretching of the tria-
zine cores® %3, The total symmetric stretching vibration of triazine
cores is typically observed between 680 cm™ and 690 cm™ but has
been observedto shift to higher wavenumbers because of interaction
with SERS substrates, along with notable signal enhancements due to
preferential ordering at the SERS surface®>*,

ATR-FTIR spectra (Supplementary Fig. 2b) were measured using a
Bruker ATR-FTIR spectrometer with areflection diamond ATR module.
We again find good agreement between the bulk and simulated FTIR
spectra. Amide I and Il bands were assigned to C=0 and N-H bend-
ing as well as C=0 stretching of the amide groups between roughly
1,500 cm™and 1,750 cm™ (Supplementary Table 1). Amide Il bands
areassigned to strong C-Nstretching between roughly 1,110 cm™and
1,350 cm™ (Supplementary Table 1). Strong N-H stretching observed
around 3,500 cm™in the simulated spectrum is found to be markedly
broadened in the experimental data, acommon occurrence due to
intermolecular and intramolecular hydrogen bondinginteractions that
canweaken or shift the stretching frequency. The ATR-FTIR spectrum
ofthetriple-stacked 35-nm film (about 100 nmtotal thickness) mirrors
that of the bulk sample with the addition of signal from TFA (1,830 cm™,
2,100 cm™and 2,300 cm™)*°. The most notable difference, however, is
therelative suppression of the C-Nstretching around 1,250 cm™from
the bulk sample to the thin film. The mechanistic reasoning for this
changerequires further investigation beyond this work, but our initial
hypothesisisthat thisis due to the sensitivity of ATR-FTIR to molecular
ordering through longitudinal vibrational modes**.

Numerous non-crystalline and paracrystalline materials possess
orientational ordering that is not captured by conventional X-ray
techniques, including ordered polyaramid and cellulose fibres>-¢.
Beyond XRD or directimaging by electron microscopy, non-crystalline
ordering can be detected using polarization-sensitive approaches®.
We demonstrate orientational ordering of a 35-nm 2DPA-1 film using
polarized photoluminescence (Supplementary Fig. 4). We find that
whenexcited at 532 nmwith a polarized laser, the photoluminescence
emission of the 35-nm 2DPA-1 film depends on its orientation with
respect to the beam path. Specifically, the thin film emission transi-
tions from roughly 1,400 cm™ (575 nm) when excited orthogonal to the
beam path to 2,270 cm™ (605 nm) when excited parallel to the beam
path. This twofold symmetry is consistent with anisotropic platelets
oriented parallel to the substrate with a transition dipole along the
long axis of the platelet®. We note that the emission window reported
isbeyond that of SiO, to eliminate signal interference.

Gas adsorption measurements
N, adsorption isotherms were measured at 77 Kup to 100 kPa (1 P/P,)
using a low-pressure manometric instrument (Autosorb 6100,
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Anton Paar). The temperature was controlled using a liquid nitrogen
bath. Before eachisotherm measurement, the sample (about 0.220 g)
was outgassed under high vacuum, with ramping rate of 1K min from
room temperature to 373 K and holding at that temperature for 12 h,
before being cooled back down to room temperature and backfilled
with N,. The dry sample mass was determined after outgassing and
before theisotherm measurement. The BET-specific surface area was
calculated from a BET plot constructed in the classical BET range of
0.05 < P/P,<0.3. The pore size distribution was determined using the
Barrett,Joyner and Halendamethod fromthe desorption branch (minus
P/P,below 0.35) of the N, sorptionisothermat 77 K. The estimated 95%
uncertainty was determined from two relative standard errors from
measurements on two aliquots of the sample.

The N, adsorption isotherm of for 2DPA-1 platelets follows Type Il
isotherm behaviour (Supplementary Fig.10a). It also possesses atype
H3 hysteresis loop, which can be attributed to non-rigid aggregates of
plate-like particles or pore network consisting of macropores thatare
not completely filled with condensate®, The BET-specific surface area
fromthe average of two aliquotsis (74 +10) m? g . The pore size distri-
bution of powder 2DPA-1 consists of mostly mesopores, with anaverage
mode pore width of about (11.1 + 2.6) nm and some macro-porosity
(Supplementary Fig.10b). Bulk 2DPA-1 platelets have a total pore vol-
ume of (0.41+ 0.07) cm®g™. Given that the mode pore widthis similarin
sizetothe 2DPA-1nanoplatelets (about 10-15 nm; Fig. 1b), this pseudo
porosity is probably frominterparticle space due to non-rigid aggrega-
tion of the 2DPA-1 platelets.

Unary He, H,, CH, and CO, adsorption isotherms were measured
at 298 K up to 1 MPa with a high-pressure manometric instrument
(BELSORP-VC, Microtrac Bel). For measurements made in the high-
pressure manometric system, the sample was outgassed ex situin a
tube furnace attached to a pumping station that is equipped with a
turbomolecular pump (vacuum level of 10”7 Pa) backed by a scroll pump
(vacuum level of 1 Pa). The following activation protocol was used:
under high vacuum (0.1 Pa), the temperature was ramped up from
room temperature to 373 K at arate of 1K min™, held at 373K for12 h
and then cooled (about 2 h) to room temperature to a final vacuum
level of 1075 Pa. After activation, the sample was transferred under air-
and moisture-free conditions from the sealed activator tube to an Ar
glovebox for storage and transfer.

Inside the Ar glovebox, analiquot (0.5391 g) of activated sample was
loaded into the sample cell, which was then sealed, removed from the
glovebox and connected to the instrument. The void volume was deter-
mined by means of helium expansion with 10 measurement points up
to3.5 MPa. The system contains one pressure transducer: 13.5 MPawith
anaccuracy of plus or minus 0.1% full scale. The temperature stability
ofthe sample (plus or minus 0.1 K) was maintained by awater bath. The
instrument air bath was maintained at (298 + 0.1) K throughout the
isotherm measurements. Before each isotherm measurement, the acti-
vated sample was reactivated at 373 K for 3 htoavacuumlevel of 10 Pa
using aturbomolecular pump. Surface excess uptake was determined
by keeping track of the moles of free gas in the system from the pres-
sure and temperature readings and volumes of reference and sample
chambers. The density of the gas was determined from the NIST Refer-
ence Fluid Thermodynamic and Transport Properties Database. The
measurement uncertainty is 3 ml at standard temperature (273.15 K)
and pressure (101.3 kPa) as reported by instrument manufacturer,
which equates to 0.25mmol g™

The water vapour adsorption isotherm was measured using an auto-
mated dynamic vapour sorption analyser (VTI-SA*, TA Instruments) at
ambient pressure with N, as the carrier gas. Bulk 2DPA-1(about 15 mg)
was outgassed for12 hat 398 Kunder pure N, flow and then cooled down
to 298 K. For the isotherm measurement, the relative humidity was
determined with a dew point sensor and controlled by continuously
mixing a dry N, (0% relative humidity) flow with a humid N, flow. The
adsorbed amount is determined from sample mass changes during

the vapour sorption experiment relative to the dry sample mass after
outgassing. At each set relative humidity, equilibrium condition for
the water uptake was set to sample mass change less than or equal
t0 0.001% in 99 min for a maximum time of 8 h. The instrument has
a+0.1 pg mass resolution and a relative humidity control standard
uncertainty of plus or minus 1% based on manufacturer specifications.
The adsorption of water on 2DPA-1 at low relative humidity implies
anintrinsic hydrophilicity of the material (Supplementary Fig.10d).

Preparation of 2DPA-1 thin films for bulge tests

We start by cleaning our Si/SiO, wafers with a 5-min sonication bath
inacetone, followed by a 5-min sonication bath in IPA and finished by
blow-drying with N,. We then spin-coat a10 wt% polystyreneinanisole
solution onto the substrateat2,000 rpm for1 minand promptly trans-
ferittoahotplate at 110 °C, where it is annealed for 15 min to remove
the anisole. We place a glass petri dish over the substrate during the
annealing process to minimize the collection of debris on the poly-
styrene layer. We then spin-coat a solution of 2DPA-1 dissolved in TFA
onto the polystyrene-coated substrate using the same spin settings.
We can control the film thickness from roughly 60 nm down to 4 nmby
adjusting the concentration of 2DPA-1dissolved in TFA (Extended Data
Fig.1). The 2DPA-1 coated substrate is then quickly annealed on a hot
plateat50 °Cfor 5 minto evaporate any remaining TFA. We cut or trim
away uneven areas of the film to ensure uniformity of the film thickness.

After our polystyrene-supported 2DPA-1 thin films have been pre-
pared, we wet-transfer them to our etched substrates for bulge test-
ing. To do so, we first clean the etched SiO, substrates using the same
procedure for our SiO, wafers. We then use arazor blade to cut out the
area of 2DPA-1/polystyrene film we would like to transfer from our wafer
and bring the edge of this film to water so that it may lift the desired
section of film off the wafer. With our section of 2DPA-1/polystyrene
floating on the surface of the water (2DPA-1 facing the air), we quickly
bring our etched substrate in contact with the 2DPA-1side of the film
andscoop itout of the water. The film-covered substrateis thenleft to
dry overnight to remove any excess water. To form films that deflect
downwards into the well, the substrates are annealed at 50 °C during
the drying period.

After annealing, the films are placed in a glass petri dish witha20-ml
mixture of 25% v/v chloroformin hexane for 4 hto etch away the poly-
styrene support layer. We then transfer the substrates into a 20-ml
mixture of 30% v/v chloroformin hexane as a polishing step for another
4 h. The substrates are then gently rinsed in hexane and air dried to
remove any remaining solvents. 2DPA-1-coated substrates are stored
atambient conditions.

Relating change in bulge deflection to gas permeability
We account for the gas flux through the membrane with the ideal
gaslaw:

dn V dp
dt RT dt’ @
where dn/dtis the change in the moles of gasinside the well over time,
Vis the volume of gas trapped under the 2DPA-1film, Ris the gas con-
stant, Tis temperature and dp/dt is the change in pressure over time.
Because the volume contributed by the bulge’s deflectionis muchless
than the volume of the 1-um-deep etched wells, V approximates that
ofan etched well, ma®h/4. The permeability, P, of the filmis thus related
to the gas leak rate as follows

Pra?
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where Ap is the pressure difference across the film. The combination
of equations 7 and (8) yields
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We canrelate the film deflection, §, measured with AFM to the pres-
sure difference between the microwell (p,,) and the external environ-
ment (p.,,) by

_L6EAKW) 53, 250 45 (10)
a
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where the first term on the right side of equation 10 invokes Hencky’s
solution®* and the second term on the right side of equation 10 describes
theinfluence of theinitial surface tension of the film, S, (ref. 6). Fand d
are the film elastic modulus and thickness, respectively, the diameter
ofthe microwellis represented as @, and K(v) isa constant that depends
onthe film’s Poissonratio, v. We assign K(v) = 3.09 for 2DPA-1, assuming
itis equivalent to graphene in this case.

We solve the differential equation for p(¢) and combine the result
with equation 10, neglecting the initial-tension term, to obtain the
relationship between the pressure differential and bulge deflection,
8, inlogarithmic form:

=InC- Et,
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where Cis a constant of integration. Finally, rearranging and taking
the derivative withrespectto tyields the relationship between the film
permeability and the rate of change for the bulge deflection:
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Thermal degradation of bulk 2DPA-1and temperature
dependence of films
TGA-MS was carried out to analyse gas evolution at elevated tem-
peratures during thermal degradation of 2DPA-1 (r=10.5) in aninert
N, atmosphere. The ramp rate was 10 °C min™ up to 1,000 °C. The
off-gas was simultaneously analysed by a connected mass spectrom-
eter. TGA-MS shows no trace of acetone (58 atomic mass units (AMU)),
NMP (99 AMU), or pyridine (79 AMU) in low or high temperatures.
This corroborates NMR results that show these chemicals are effec-
tively removed during polymer purification®, Water vapour (18 AMU)
evolved from the 2DPA-1sample between 65 °C and 90 °C probably
corresponds tosurface-bound (thatis, physisorbed) water molecules.
This is reflected in the first peak of the derivative thermogravimetric
curve (Supplementary Fig. 12a). Water absorbed in highly confined
pores requires substantially more energy to remove, often leading to
desorptiontemperaturesin excess of 100 °C (refs. 60-62). Notably, we
alsodetect water evolution from the 2DPA-1sample between 300 °C and
450 °C.Therelease of water vapour observed at these elevated tempera-
turesis beyond that expected from stronger confinementinteractions
and caninstead be explained by the cleavage of the amide bonds during
the thermal degradation of 2DPA-1. This isawell-studied mechanismin
thermal degradation of similar polyaramids such as Kevlarand Nomex
in which water is acommon byproduct of thermal degradation®®*,
Asahydrophilic material, water sorbedin the unit-cell pores of 2DPA-1
thin films may influence molecular transport of other gases. We inves-
tigated the potential effect of sorbed water on the gas impermeability
of 2DPA-1by means of a temperature-controlled environmental AFM
stage (Asylum Research, Cypher ES Environmental AFM) to capture real-
time measurements of four bulge deflections with respect to tempera-
ture (Supplementary Fig.13a-d). All four bulge deflections decreased
ontheinitial heating ramp up to 120 °C but did not result in complete

deflation. We can thus conclude that pores blocked by water or residual
TFA are not the root cause for the observed molecularimpermeability
of 2DPA-1, as the counter case would result in complete deflation on
vaporization up to 120 °C. We attribute the decrease in deflectionto a
temporary andreversible opening of the rim seal, probably owing to the
influence of heating on thermal expansion of the 2DPA-1 thin film and
adhesionbetween 2DPA-1and the SiO, substrate. When subsequently
oscillating the temperature between 80 °C and 120 °C for 2.5 cycles,
the bulge deflections similarly oscillated on the order of 10 nm.

Assuming no gas transportis occurring, we can predict the average
change in the bulge deflection from 80 °C to a theoretical height at
120 °C through the series of equations shown below originating with
theideal gas law: P,V;/T,= P,V,/T,. Here, the subscripts refer to states 1
and 2 of the bulge, and P, Vand T are the internal pressure, volume
under the bulge and temperature, respectively. By accounting for the
geometry of the microwell system and using Hencky’s solution to relate
bulge deflection, 8, to a pressure difference® (equation (10)), we can
solve for 6,given T, T,and 6,.

Weset T, =80, T,=120 and 6, as the average experimental value at 80 °C
in the oscillation regime (Supplementary Fig. 13e-h), with theoretical
upper and lower bounds defined by the range of elastic moduli reported
for 2DPA-18. We find that 17 of the 20 (85%) experimentally determined
deflections at 120 °C fall within the predicted range. Hence, our results
donotindicate any discernible gas loss while oscillating between 80 °C
and 120 °C and support the notion that physisorbed water is not the
mechanistic explanation for the film’s measured impermeability.

Optical analysis of bulge deflections

AFM is the preferred technique to measure bulge deflection because
of'its high spatial resolution. However, AFM allows for limited con-
trol over environmental conditions as AFM tip calibration and tuning
become distorted at non-atmospheric pressures and temperatures.
We have therefore developed an optical technique that leverages the
semitransparency of the polymer film to extract bulge deflections,
allowing us to analyse the behaviour of bulges under non-atmospheric
pressures and temperatures.

Light reflected from both the membrane and the bottom of the well
undergoes constructive and destructive interference when collected
atthe detector, depending on the difference in optical path length. We
exploit the resulting interference pattern to determine the degree of
bulging (Extended Data Figs. 3-4). We illuminated our sample with a
broadband light source (Thorlabs MCWHLS5), where the reflected light
passed through one of three optical bandpass filters (Semrock FBPO1)
with bandwidths of less than or equal to 16 nm and centre wavelengths
(1) of 440 nm, 540 nm and 600 nm, before being recorded by acamera
(Extended Data Fig. 3a). We use MATLAB image processing tools to
find the average intensities /(A, r) as a function of the radial position,
r(Extended DataFig.3b). Alocal maximum corresponds toaconstruc-
tive (thatis, bright) interference fringe, whereas alocal minimum cor-
respondstoadestructive (thatis, dark) fringe. The static out-of-plane
displacement 6(r) can theoretically be determined at any position from
I(A, ) if the intensities at destructive and constructive interferences,
Iin(A) and I, (1), are known®. However, /,;,,(1) and /,,,,,(1) cannot be
easily extracted from local extrema because the amount of light that
isreflected back along the optical axis depends on thelocal slope dé/dr
(Extended Data Fig. 3c).We therefore combine two different method-
ologies to determine §(r) at all fringes as well as in the centre of the
membrane, where d§/dr=0.

Ateachinterference fringe withradius p, the deflectionis asolutionto

26(r=p)=q%—AL, (13)

where theinteger, g, is odd for minima and even for maxima. The optical
pathlength difference for aflat membrane, AL, accounts for the gap, h,
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between the membrane and substrate, the phase shift of rat the sub-
strate and the complex transmission and reflection coefficients of the
membrane. To calculate the deflectionin the centre of the membrane,
we perform another calibration measurement. We measured the inten-
sity, /(A, r=0), whileincrementally decreasing the bulge deflection by
manipulating the pressureinside the well. As long as the total change in
optical pathlengthexceeds one A, we can define/;,(1) and /,,, (1) asthe
lowest and highest measured values, respectively. Assuming that the
centre point is aligned with the optical axis, the centre displacement
isthenasolution to

4—AL,

- (14)

26(r=0)= q% * cos-l(l - zwj

Imax(/l) - Imin(/l)

where gis an odd integer.

We identify solutions to equations 13 and (14) that match the para-
bolic deflection profile §(r) that we expect based on theory and AFM
measurements. To that end, we analyse the interference pattern for
each wavelength as follows. Among the solutions to equation 13 for
the outermost fringe, we select the value for g that corresponds to the
smallest absolute deflection. Working towards the centre, weincrease
g by 1 for each subsequent fringe. At the centre, we assume that
the deflection is within the range of §(r=p*) <6(r=0) < 6(r=p*) + A,
where p*is the smallest observable fringe. The estimated bulge def-
lection is the average of the 6(r = 0) values obtained for each A, with a
standard deviation of roughly 10 nm. We extrapolate §(r) as shown in
Extended Data Fig. 3d to confirm the validity of our calculations.

Tomake thistechnique more accessible to the broader scientific com-
munity, we applyitto anincoherentbroadband light source that would
be found on acommon optical microscope. Here, we relate the bulge
deflection to RGB pixel values from the optical image (Extended Data
Fig. 5a,b). To physically connect the bulge deflection with its optical
profile, we must first determine the combination of A reflected by the
sample into the camerausing the Fresnel equations®®and then convert
those combinations detected by the camera into RGB pixel values.

The combination of reflected light wavelengths and their relative
intensities when passing through three distinct layers (Extended Data
Fig. 5¢) can be calculated by®®
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where r;and ¢, are defined by the complex refractive indices (n) of lay-
ersjandj-1:
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The thickness of the layers is represented by d;. Here, ¢, and ¢, are
combinations of(pjfor the 2DPA-1layer (layer1) and layer of air trapped
inthe microwell (layer 2): ¢ = ¢, + ¢, and ¢, = ¢, — @,. Layers O and 2
are air; hence, n,and n, are set to unity. The SiO, layer (layer 3) has a
A-dependent complex refractive index®”. We measured the refractive
index of 2DPA-1, n;, using a Filmetrics F20 reflectometer (Extended
Data Fig. 5d).

Using equation 15, we plot /as a function of A and film depth (that
is, bulge deflection), represented here as the thickness of layer d,
(Extended Data Fig. 5e). We then weighted / with the spectral power
distribution of a100 W tungsten halogen bulb and combined it with
anassumed sensitivity of the detector to each A. Because of the lack of
information onthe detector sensitivity, we assumed the sensitivity of

the detector matches that of the humaneye. This enables us to convert
the combination of Athroughout the visible spectrumand their relative
intensities to XYZ colour space and, finally, to RGB. In Extended Data
Fig. 5f, we overlay the theoretical RGB values from this calculation with
the measured data taken from Extended DataFig. 5a,b after removing
deflection data points between —100 nm and 15 nm, where a sharp
discontinuity occurs because of edge adhesion effects and renders
our three-layer model unsuitable. We find the model appropriately
captures the relationship between RGB values and measured bulge
deflection, albeit with a noticeable offset in thexand y directions. This
offset stems from the assumed sensitivity of the detector as the human
eye and could be improved on with more accurate information about
the detector. We also note that the intensities of the measured R values
seem to reach a saturation point, a likely result of the lighting condi-
tions used throughout this study.

To perform our experiments in a controlled pressure and tempera-
ture environment, the sampleis separated from the cameraby another
glass cover layer. This introduces two more layers to the model: the
glass cover and another layer of air between the 2DPA-1film and glass
cover. This system thus requires a more complex formulation akin to
equation 15, wherein there are 16 terms—rather than only 4—inboth the
numerator and denominator®. Nonetheless, the overall form remains
that of alinearly combined squared Fourier series and a discernible
trend between the glass-covered RGB values and the AFM deflections
remain evident.

Tocircumventdiscrepancies between the existing theoretical model
and measured data, we use a Fourier curve fitting function to produce
practical relationships between the glass-covered RGB values and the
bulge deflections measured in this study (Extended Data Fig. 6a). This
enables us to extract valuable, dynamic information about the bulge
deflections while they areinan environmental chamber. The sinusoidal
relationship between R, G and B values are not one-to-one functions.
Consequently, we cannot simply invert them to obtain a function of
the form f(RGB) = §. We instead obtain several deflection solutions
for asingle RGB triplet, necessitating the use of all three Fourier fit
functions comparing the bulge deflection toindependentR, G and B
channels to minimize the number of solutions. Minimizing solutions
aidsin our ability to filter for the true deflection profile.

To eliminate extraneous solutions, we identify whether the local
slope of a data point—when compared to its nearest neighbours—
contributes to a bulge profile that is physically possible. Four quad-
rants are defined for physically possible bulge slopes. For adownwards
deflected dimple, the slope is negative between the left-most edge
and the centre (that is, pixels O to 50) and then positive between the
centre and right-most edge (that is, pixels 50 to 100). For an upwards
deflected bulge, the slope is positive between the left-most edge and
the centre (thatis, pixels 0 to 50) and then negative between the centre
andright-most edge (thatis, pixels 50 to 0). These physically expected
slopes establish the constraints for viable solutions. Using a threshold
of 35 nm to qualify two data points as neighbours, we keep only solu-
tions that have at least one neighbour and obey the slope constraints
expected for their quadrant. We display an example of solutions having
passed this filter in Extended Data Fig. 6b.

We note that, even after filtering, remaining data can contribute to
either negative or positive deflections. We thus introduce two more
thresholds to determine the appropriate solution. The first threshold
compares the number of data points contributing to either a positive
(n,) or negative (n.) deflection, biasing the solution towards the larger
datasetwhenn,, > 6.67n_,,.If this conditionis not met for either data-
set, we introduce the second threshold. The second threshold com-
pares the R? values of the positive (R 2) and negative (R 2) datasets, fit
by a second-order polynomial in the form f(x) = ax?+ bx + c, with

f(x) = 0 at the bounds of the section profile. If R2> 0.7R 2, then the
negative dataset is selected and vice versa. These thresholds were
manually determined by comparing the results for bulges with known



negative and positive deflections. After selecting the negative or
positive dataset, we perform two stepwise regressions to remove out-
liers from skewing the second-order polynomial fit. Data points that
lie more than two standard errors away from the fit line are considered
outliers and removed. The fit after these two stepwise regressions is
the final prediction for the deflection profile based on the input RGB
profile.

We extended this technique, which predicts the 2D deflection
profile from a single diameter slice of an image, to predict the full
three-dimensional deflection profile of a positively or negatively
deflected film. We first isolated the image of the bulge from the sub-
strate using standard image processing software and then created
amask to detect the edges of the bulge and calculate its centre and
diameter. Next, we used polar coordinates to discretize the bulge into
1°increments, obtaining 180 radial diameter slices of the bulge at dif-
ferent degrees aboutits centre. These radial slices can be individually
analysed with the parabolicfitting method, then reconstructed toyield
athree-dimensional height profile of abulge (Extended DataFig. 6¢,d).
Wenote thateachsliceisnotincomplete agreementabout the direction
inwhich the bulge is deflected. To obtain agreement, we first identify
the direction of the deflection (that is, positive or negative) based on
the majority response of the 180 slices. We then fit asingle second-order
polynomial to all the relevant slices and perform two stepwise regres-
sions, where outliers are again defined as more than two standard errors
away from the fit. The final fit obtained from this processing is used to
define the cross-sectional profile of the three-dimensional bulge and
construct a three-dimensional deflection profile.

Resonance measurements

We measured the thermal displacement fluctuations of the funda-
mental resonance mode with a path-stabilized homodyne Michelson
interferometer as shown in Extended Data Fig. 4. We used a stabilized
HeNe laser with A= 633 nm and a peak power of 3 mW. The spot size
(full width at half maximum) on the sample is about 800 nm, and the
incident power is about 600 pW. Two photodetectors are used in this
setup, PD, (New Focus 1801) for displacement measurements and PD,
(Thorlabs PDA8A) for path stabilization. After taking ameasurement at
theantinode (thatis, the centre of the suspended film), we take asecond
measurement with the same parameters on the polymer filmadjacent to
the well to determine the background noise level in our measurements,
such aslow-frequency laser noise or cable resonances. For both meas-
urements, we averaged 10° data traces. Based on the assumption that
differentnoise sources are uncorrelated, we subtracted our background
noise from the noise measured on the suspended film.

DFT and molecular dynamics simulations

DFT calculations were performed on bilayer configurations with vari-
ous interlayer offsets to determine the most stable configurations
(minimum energy). The interlayer offsets were generated ona 4 x 4
grid in the x-y plane with a maximum shift of 8.3475 A along each axis.
For each offset, the system was first relaxed by performing a geometric
optimizationinvacuumusing DFT. The interlayer interaction energy,
E;.., for the final optimized geometry was computed as

Eine=Eo= Emi-1~ Emi-2, (18)

where E,isthe energy of the bilayerand £,,;and £, are the energies
of the two monolayers.

Toinvestigate the interaction of various gases with the 2DPA-1 mem-
brane, a3 x 2 x1supercell was constructed from the experimentally
obtained crystal structure of a2DPA-1unit cell. This supercell was geo-
metrically optimized with DFT, and a bilayer structure composed of two
such layers stacked together was generated. Various configurations
were generated by offsetting the adjacent layers relative to each other
along the x axis (Supplementary Fig.17).

To determine the translocation energy profiles for CO,,N,and Ar, a
single gas molecule was positioned at the centre of a pore in the bilayer
membrane at varying distances along the z axis (translocation axis)
from the membrane (Supplementary Fig.17). The membrane-gas inter-
action energy, E;,,, was computed as

Eine=Emig—En~Eg 19)

where E ..., is the energy of the combined membrane and gas system,
E.,is the energy of the membrane alone, and £, is the energy of the
isolated gas molecule. These energies were calculated using DFT, as
implemented inthe CP2K package®®. Single-point energy calculations
were performed with the Gaussian and Plane Wave scheme®, using a
plane-wave cutoff of 500 Ry. The Geodecker-Teter-Hutter pseudopo-
tentials”® and triple-zeta valence polarized basis sets with molecularly
optimized functions” were used for all atoms. The Perdew-Burke-
Ernzerhof exchange-correlation functional’, combined with D3 disper-
sion correction’, was used for these calculations.

Toensure physical validity, initial structures were energy minimized
with pore atoms allowed to relax while keeping the gas molecules fixed.
Because of the computational cost of DFT, energy minimizations were
performed using the Optimized Potentials for Liquid Simulations clas-
sical interatomic potential in GROMACS™ 7, The force-field param-
eters for 2DPA-1were derived using the LIGPARGEN tool”””° and BOSS®*®
implemented by POLYPARGEN®, and the parameters for CO,, N, and
Arwere sourced from previous studies®%,

Energy profiles were plotted along a uniform grid with a spacing of
0.5 Aalong the translocation axis. For each gas and membrane offset,
the energy barriers, Ey ..., Were determined as

(20)

Eparrier = Emax ~ Emine

where £, and E,,;, are the maximum and minimum interaction ener-
gies along the z axis, respectively. The resultant barrier versus offset
plots for CO,, N, and Ar are shown in Supplementary Figs. 18 and 19.

Toidentify the interlayer offset that resultsinthe maximumgas trans-
location energy barrier, we conducted further DFT energy calculations
using the same protocols outlined above. In this series of calculations,
gas molecules were held fixed at three distinct positions along the
translocation axis (Extended Data Fig. 8a) while the pore-to-pore offset
between the membrane layers was varied from 0% to 72%. For each
offset, theinteraction energy between the membrane and the gas mol-
ecule was computed using equation 19. Introducing offsets between
thelayersresultsin the splitting of the poresinto two separate regions.
Consequently, for each offset and gas position along the translocation
axis, we considered two distinct configurations by positioning the gas
molecule in each of the two resulting pores. The barrier for a given
offset was determined as the minimum of the two interaction energies
(Extended Data Fig. 8b).

We accounted for entropic effects on the free energy barrier during
gas translocation across the 2DPA-1 bilayer by computing the poten-
tial of mean force (PMF). We focused on the most sterically restricted
case—a 60% pore-to-pore offset (Supplementary Fig. 20). We note
that the energy barriers determined from the PMF profiles should be
interpreted more qualitatively than quantitatively. The PMF profiles for
CO0,, N, and Ar were obtained using the umbrella sampling technique®*.
Inthis approach, gas molecules were constrained at various positions
along the translocation axis relative to the membrane, with each posi-
tion representing an umbrella window. A harmonic potential with a
force constant of k= 50,00 k) mol™ nm™was applied to constrain the
gas molecules in all three spatial directions. Each simulation window
was run for 10 ns at 300 K using the Optimized Potentials for Liquid
Simulations force field to ensure adequate sampling. Histograms of
the gas molecule positions were generated from the simulation data,
and the PMF profiles were computed using the Weighted Histogram
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Analysis Method®, as implemented in GROMACS with the g_wham
tool®.

Monte Carlo simulations

Frameworks of stacked 2DPA-1platelets were generated layer by layer,
where the 2DPA-1 platelet is represented by an array of pores with a
radiusof 5 A (r,) and centre-to-centre spacing of 2.42 A.Eachadjacent
layer is separated by a predefined pore offset between 0% and 100%
(thatis, 0to2r,). The offsetangle between adjacent layersis randomized
between 0 and 27 for each additional layer. The transport area under
consideration is 8 nm x 12 nm with periodic boundary conditions to
approximate aninfinite planar system without defects.

We probe the transport of gas molecules across the 2DPA-1lamellar
framework using an effusion-based hit-and-miss methodology*. This
simplified approach treats gas molecules as hard spheres with aradius
defined by their kinetic diameter. Impingement attempts by the gas
moleculesresultin successful permeation eventsif they pass through
an effective pore in the 2DPA-1 lamellae without interacting with the
pore edge. In other words, gas molecules that contact any part of the
impervious 2DPA-1 framework are considered sterically excluded. An
effective porein this case is considered vertically continuous free vol-
ume across the 2DPA-1lamellae formed by the overlapping of in-plane
poresby adjacent 2DPA-1platelets. We probe the framework with 10* gas
molecules of randomlocation to determine the percentage of success-
ful permeation events. This number was chosen based on a sensitivity
analysis to minimize computational cost without significant loss of
accuracy (Supplementary Fig. 15). Results from the Monte Carlo simu-
lations were compared against analytical solutions in Supplementary
Fig.16.Deviation between the two results above an offset of 60% stems
fromthe differencein offset angles. For the analytical solution, the offset
angleistakenas 0, whereas the Monte Carlo frameworkisrandomized.

Confined diffusion
A confined diffusion is characterized by a MSD of the form®*

D =R(1- e 2PRE), 63
where R isthe characteristic size of the region of confinement, Disthe
diffusion coefficient, tis time, and A, and A, are geometric constants.
We fit equation 21 to the longitudinal data found in Fig. 3 and Supple-
mentary Figs. 22 and 23 to extract the R. for each dataset.

Fabrication and characterization of 2DPA-1-coated perovskites
Three-dimensional MAPbI; perovskite was prepared in a two-step pro-
cess: Sisubstrates were first cleaned with UV-Ozone (Jelight Company
Inc.) for 20 min. In parallel, Pbl,beads were added into a 9:1solvent mix-
ture of dimethyl formamide:DMSO with a concentration of 2 mmol I ™.
Meanwhile, methylammonium iodide (MAI) powder was added into
isopropanol witha concentration of 1 mmol I". Then, 30 pl of Pbl, was
spin-coated onto the cleaned Sisubstrate at 2,000 rpm for 1 min. The
substrate was subsequently annealed at 70 °C for 1 min. The MAlsolu-
tionwas then spin-coated onto the Pbl,-coated substrate at 2,000 rpm
for1min. The substrate was then annealed at150 °Cfor 10 minto form
a three-dimensional MAPDI, thin film. A 10 mg ml™ solution (in TFA)
was spin-coated onto the MAPbI; surface at 2,000 rpm for 1 min. The
resulting composite were annealed at 100 °C for 5 min to remove any
residual TFA. 2DPA-1-coated perovskite films were characterized using
XRD with a Rigaku Smart Lab, using a Cu Ko source (1=1.54056 A) in
Bragg Brentano mode.

Relating bulge lifetime to 2DPA-1 permeability

To elucidate the inhibition of molecular transport across the 2DPA-1
thinfilm, we consider three viable transport pathways: (1) through the
2DPA-1unit-cell pores, (2) throughaKnudsen pore formed by intercon-
nected voids in the film, or (3) through both the unit-cell pores and

non-connected voids in the film (Supplementary Fig. 11). We assume
nointerlayer transport because of the absence of free volume between
stacked platelets. For the second pathway, gas permeability across the
film (P) can be modelled using classical effusion:

(22)

where P depends on the film porosity (0), gas molecular weight (M,,),
ideal gas constant (R) and temperature (7). PNZ =7x1072Barreris pre-
dicted by equation 22 for a 35-nm-thick film suspended across the Si/
SiO, microwellinthe limiting case of only asingle 1-nm-diameter Knud-
senpore. A permeability this highwould lead to a99% loss of overpres-
sure (that is, pressure above atmospheric) in only a few seconds for a
bulge of any thickness (Supplementary Fig.11). We refer to this thresh-
old for the overpressure loss as the bulge lifetime (¢), which can be
determined by treating the gas efflux from the sealed microwell as a
first-order decay process:

t=- rln(Ap—(t)] = ?dl In[Ap—(t)]
4p, | PRT | 4p,

where 7is the time constant for the decay rate and /is the depth of
the microwell. The short lifetime of bulges possessing any Knudsen
pores, which would not survive long enough to be measured in AFM,
disqualifies effusion-based mechanisms. We therefore postulate that
gas transport, if occurring at all, must take place by means of passage
through the 2DPA-1unit-cell pore.

This approach can also be leveraged to determine the maximum
permeability threshold for bulges that do not deflate over the observa-
tion period (¢,,). If no significant loss of overpressure occurs, evidenced
by alack of negative change inthe bulge deflection, we can safely assert
that the bulge did not reach the half-life (¢,,) of its deflation over the
durationof observation, where Ap(t) = Ap,/2. The maximum allowable
permeability necessary for abulge to maintain half of its overpressure
(that s, stay inflated) over that observation period can be extracted
from equation 23 by assigning t,, as &,

Positively deflected bulges that formed from the trapping of excess
air molecules between the 2DPA-1 film (35-nm to 4-nm films) and Si/
SiO, substrate during film transfer remained inflated for days, with
some persisting up to the longest measurement period of 2 months
(Extended Data Fig. 1). Using equation 12, we can relate the change in
bulge deflection over time to the flux of air out of the sealed microwell.
Wefind the deflection rates of the 2DPA-1bulges span several orders of
magnitude and lack a thickness dependence, illustrated by deviance
fromintrinsic permeability curves (Extended Data Fig. 1), that would
otherwise demonstrate transport occurs solely across the accessible
filmarea. This findingis akin to previous measurements of gas transport
across graphene suspended on Si/SiO, substrates® and implies that gas
leakageis occurring variably through the seal between the 2DPA-1 film
and microwell interface. We term this interface the rim seal.

(23)

Importance of the rim seal in forming persistent bulges
Eliminating interfacial leakage is essential to measure the intrinsic
permeability of asuspended film; hence, various efforts such as ultra-
high pressure sealing with a diamond AFM tip?* and the fabrication of
graphitic microwells>**°° have been pursued to improve the rim seal
for suspended graphene. The effects of eliminating interfacial leakage
can be substantial. By suspending graphene monolayers on graphitic
rather than Si/SiO, microwells, gas efflux was eliminated entirely. To
control the internal gas environment of a persistent bulge without
interfacial leakage, the following must occur: the interfacial rim seal
must open on external gas exposure, sufficient time must be given for
pressure equilibration onboth sides of the film, and the rim seal must
close after removing the external gas.



Non-deflected films suspended over microwells often indicate a
poorly sealedinterface, leading to the quick deflation of bulges formed
after pressurizing. By contrast, the existence of negatively deflected
films (thatis, downwards dimples) necessitates an adequate rim seal to
preventatmospheric air fromequilibrating the negatively pressurized
microwell. We therefore put emphasis on starting with downwards
dimples to minimize effects from defective rim seals and maximize
the success rate of pressurizing bulges with desired gases.

Theideal gas law dictates that ambient gas trapped in the microwell
atanelevated temperature when therimsealis formed will have alower
pressure than the atmosphere on cooling. We targeted the formation
of negatively deflected films by annealing our sample overnight at
50 °Cimmediately after transferring the film to the Si/SiO, substrate.
Pressurizing negatively deflected films led to a near-perfect rate of
forming persistent bulges when using N,.

Solution-phase properties that give rise toimpermeable films
To gain deeper insight into the r-dependent size variations among
2DPA-1samples, we used fluorescence measurements of 2DPA-1in TFA
(Supplementary Fig.27). Solution-phase fluorescence measurements
were measured with Duetta fluorescence and absorbance spectrom-
eter from Horiba Canada Inc. To prepare the samples, we suspended
the 2DPA-1 powders into TFA at a concentration of 1mg ml™ and then
sonicated in a Branson ultrasonic cleaner for 15 min. The solution was
then added into a quartz cuvette for measurement.

The 2DPA-1with r=2.27 shows three main features, with a predomi-
nantexcitation feature around 350 nmthatisnot presentinther=9.67
sample. The large associated Stokes shift (greater than 100 nm) for
this feature compared to the smaller Stokes shift (less than 50 nm)
observed around an excitation of 450 nm indicates that the lower-r
sample possesses agreater abundance of small particles insolution—a
phenomenon thatis well-established for various nanomaterials® **. We
find astrong dependence on the ability of the 2DPA-1films to suspend
over the microwells with their associated platelet rparameter (Extended
Data Fig. 9). This analysis was conducted by quantifying the yield of
suspended films using optical microscopy (Supplementary Fig. 28).
Below anrvalue of 4, all films collapsed into the microwell, whereas the
yield for films with higher r values approach 100%. Previous work has
alluded to theimportance of interlayer interactions in the mechanical
integrity of thin films made from 2D materials®. We therefore posit
that the films made from 2DPA-1 with a high r parameter benefit from
increased mechanical integrity due to anabundance of interlayer inter-
actions between large areas of overlapping platelets.

Calculation of 2DPA-1density

We derived the theoretical density of 2DPA-1 using a combination of
experimental data and literature sources. We begin with the following
expression:

my

= 24)
Ayd,

Pa
pvzdi

=l

where p, is the areal density of a single 2D platelet, and m,, A, and d,
are the molecular mass, area and thickness of a platelet, respectively.
For this calculation, we analysed an infinite hexagonal platelet and
treated it as a hexagonal cylinder. We normalized m,and A, to be per
monomer. In aninfinite platelet, m, corresponds to two monomer
types (Supplementary Fig. 26a,b). We thus averaged the molecular
mass of both monomers, yielding 141.1g mol™ for m,.

We then determined the area of the unit-cell six-membered ring, A,
(Supplementary Fig. 26¢), to calculate A,,,. Each monomer is part of
three six-membered rings; therefore, one third of each monomer’s
areais in the single-unit-cell ring. Given the six monomers per ring,
A, =Ag/2. We used literature values of melamine, terephthaloyl chlo-
ride, a bifunctional proxy for trimesoyl chloride and amide peptides

(Supplementary Table 2 and Supplementary Fig. 26d) for the bond
lengths and angles of the six-monomer ring of 2DPA-1. Consequently,
we obtain aside length of 6.562 A for the unit-cell ringand A,, = 55.93 A
as aresult. Pairing these calculations with previous measurements of
d, (ref. 8) gives us avolumetric platelet density, p,, 0f1.14 + 0.09 g cm>,

Platelet defectiveness
A perfect hexagonal platelet has unreacted groups only along the
periphery of the platelet, whereas a defective platelet with branches
or missinginterior monomers would have unreacted groups along the
periphery and along the defects. It was previously found that 2DPA-1
platelets have 0.28 acyl-group nm™in excess of a perfect platelet with
the same corresponding diameter®. Thus, we find it necessary to con-
sider this amount of defectiveness in our comparisons.

We define the defectiveness of a platelet by comparing how close a
platelet is to the perfect hexagonal case using

Mperf/Uperf

Mdefect/Udefect ’ (25)
where Dis the defectiveness, Uis the number of unreacted sites on the
platelet, and Mis the number of monomers that the platelet consists of.
This differs from aratio of r values as ronly accounts for the trimesoyl
chloride monomer. When calculating the defectiveness, we use the
M,../Upe e ratio of the perfect platelet with corresponding total diam-
eter. For afourth-generation perfect platelet, Mye,y/U,ers = 3.

Analysis of 0,/H,0 permeability in 2DPA-1 thin films by means of
perovskite degradation kinetics

The degradation of MAPDI; perovskites has beenintensively studied,
anditis generally accepted that ambient oxygen (O,) and water (H,0)
play essential roles in the degradation process®**°. XRD is the most
common technique to monitor MAPbI, film degradation because
the (110) peak of MAPDI; at 20 = 14.1° and signature (001) peak of the
degradation product Pbl2 at 26 =12.7° can be easily discerned and
tracked. Moreimportantly, given that the sample is fixed in position,
the two diffraction patterns are fully comparable in both shape and
intensity®. The colorimetric changes of MAPbI, films inambient con-
ditions can be another sign of degradation'®. Specifically, freshly
made MAPDI; films exhibit a dark black colour (that is, black phase),
whereas degraded MAPbI, films containing mostly Pbl, and MAl exhibit
ayellow colour (that is, yellow phase). The precise role of O, versus
H,0 in MAPbI, perovskite degradation remains unclear, and many
different design strategies and barrier materials have been explored
to slow down the degradation’®’. When designing barrier materials
for three-dimensional perovskite optoelectronic devices, itis optimal
to have the materials that serve both as encapsulation layers and as
electron or hole conductionlayers, and this property is not explored
in this work.

We analysed the time-dependent XRD data from Fig. 4g,h to extract
thekinetics of solid-state reaction with ambient O,and H,0, both with
and without 2DPA-1barrier protection. By comparing the relative rates
of PBI, formation from these reactants for these two perovskite systems
(protected and unprotected), we can estimate the permeability of these
two reactants. The chemical kinetic and mass transfer model for this
systemare derived below. The 650-nm perovskite film was left exposed
toambient humidity (25% relative humidity) and temperature (298 K)
with or without a protective 60-nm 2DPA-1 coating. XRD spectra were
collected at varied time intervals along withimages documenting the
colorimetric change, consistent with the rate of degradation.

Our simplified kinetic model considers the degradation of Phase A
(MAPbL,) to Phase B (Pbl,) driven by the ambient reactant gas driving
the gas (labelled G):

A+G-B. (26)
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The overall kinetics are modelled using the second-order reaction
rate: r, . = kisCaCc, Where ki, is the intrinsic rate constant, C, is the con-
centration of Phase A, and C; is the concentration of the reactant gas.
The cases of unprotected and protected perovskite systems reduce to
first-order reactions. For the unprotected system, the reactant Gis nec-
essarily in excess. The reaction of Phase A to Phase B thus reduces to

A->B, (27)

where the reaction rate is defined asry .5 = kC,, with k= k;,C;. For the
protected system, the concentration of reactant G at the perovskite
surface is reduced significantly but assumed to be kept at areduced
steady state such thatthefirst-order reactionabove applies tothis case.

The coordinate system for the 2DPA-1-coated perovskite is depicted
in Extended Data Fig. 10. Diffusion of reactant G into the perovskite
latticeis considered fast compared to all other ratesin the system such
thatits concentrationis considered uniform throughout the perovskite
lattice. In other words, the concentration of reactant G throughout
the perovskite lattice is equivalent to the concentration at the per-
ovskite surface, Czs. The decay of Phase A to Phase Bis first order with
rate constant k = k;,Cgs. For the unprotected perovskite, the ambient
concentration of the reactant G, C,, is equivalent to Cgs. For Phases
Aand B with starting compositionsin the perovskite lattice of C,, and
Cyo, respectively, the kinetics of the conversion are

C(£) = Cypexp(—kt); (28)

C(£) = (Cyo + Cg) — Cyoexp(—kt). (29)

The ratio of the XRD peak areas for Phases Band A, P,/P;, is propor-
tional to the composition ratio Cy(t)/C,(t) through constant a assumed
as unity for Czo/C,o, theinitial ratioat ¢ = 0 (P,o/Pg,). The kinetics of the
ratio should thus be described by

o< =N g |7 kE=kKinCot (30)
- +1 —+1
Pao Cao

and, hence, aplot of peak ratios versus time should be linear with zero
intercept and a slope equal to k, the pseudo-first-order rate constant
of perovskite decay (Extended Data Fig. 10b).

Forthe case of the 2DPA-1-coated perovskite, we treat the transport
of reactant Ginthe polymer layer as classic Fickian diffusion:

(31)

The boundary conditions are C;=Cgoatx=0and C; = Cgsatx=4.
The concentration profile of reactant G in the 2DPA-1 film s linear

Cs—C
Colx)= %}H Ceor (32)

and the diffusive flux at the perovskite interface (x = §) must equal the
rate of the reaction for G in the well-mixed perovskite lattice; hence

dCgs
dx

-AD = VkinCaCos- (33)

The concentration of reactant G at the perovskite interface (x = §)
isthen

Cos= Coo _ Coo
L+ ST L+ gt (34)

where ¢ is the Thiele modulus—or ratio of reaction to diffusion rate—
applicablefor this system. The analysis of the perovskite lattice above
applies with the pseudo-first-order rate constant modified by ¢:

G

—+1 '

In| S~ | = ko= KinCoo, (39)
BO +1 1+ ¢
Cao

We display the analogous plot of the XRD peaks for the case of the
2DPA-1-protected perovskite in Extended Data Fig. 10b. The linear
dependenceyields a first-order reaction rate constant of 7x 107s™.
The square of the Thiele modulus, ¢, is found from the rate con-
stant ratio of the unprotected and protected cases: ¢ =k, coared/
1-14.3. The diffusivity of G in 2DPA-1 thus found to be
2.93 x107° m?s™’. In standard permeability units (Dg/RT) at 298 K, the
valueis1.1x10mol m™Pas™ or3.3 x10® Barrer.
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Extended DataFig.1|Thickness-independent, stochastic deflation of
air-trapped bulges. (A) Thickness of spin coated films with respect to 2DPA-1
concentrationin TFAsolution. Error bars represent the standard deviation of
measurements fromsix separate film sections. (B) Bulge deflection, measured
by AFM, with respect to time for 4 nm (top left), 8 nm (bottom left), 15 nm
(topright), and 35 nm (bottom right) thick 2DPA-1 films. (C) Rate of change of
thelog-normalbulge deflection over time with respect to film thickness.

Purple curvesdisplay the intrinsic relationship between deflection rate and
film thickness for specified film permeabilities. The detection limit (DL), taken
as3xthe noise of the measurements from panel B, is displayed as the black
dashedline. Databeneath thislineinthe grey shaded region did not deflate at
rates above the noise of the measurement. Error barsrepresent the standard
error of the slope for the bulge deflection over time taken from datain panel B.
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Extended DataFig.2|Negative deflection and adhesion of filmsinto
microwells. (A-B) Optical micrographs of 35-nm 2DPA-1film transferred onto
silicon oxide substrate witha 50 °C annealing step implemented prior to
etching away the polystyrene support layer. Wells with brown coloration
indicate films that collapsed into the bottom of the well rather than suspend.
(C) Corresponding atomic force microscopy (AFM) profiles, taken horizontally,
of the microwells highlighted with the dashed white circlesin panels Aand B.
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(D) Comparison of bulge profiles for acompletely dimpled film (red),
representing anegative pressure differential, against a positively deflected
filmthatis adhered into the microwell (blue), representing a positive pressure
differential. The adhesion lengthis assigned as the distance between the top of
the microwell and the minimum value of the positively deflected film (dashed
line). (E) Histogram of the film depth into well attributed to the total deflection
(solid bars) and adhesion to the inner wall of the well (hatched bars).
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Extended DataFig. 3 | Interferometric analysis of bulge deflection. shading underneath the film corresponds to the interference pattern for
(A) Optical top-view images of a bulged-up 35-nm film after passing through A=540 nm.Each fringe with radius r;corresponds to adisplacement 6,. The
threedifferentbandpassfilters. (B) Radial intensity profiles of the images vertical distance between consecutive fringes is always A/4. (D) All solutions

showninpanel A. The positionis normalized by the radius, a, of the membrane.  toeqs.M13 and M14. Unphysical values are grayed out. For the fringes, bright
Local minima correspond to fringes with destructive interference,localmaxima  colors correspond to maxima, dark colors to minima. Arepresentation of
tofringes with constructive interference. (C) Cross-sectionalillustration ofa theintensity as afunction of deflectionis shownontheright. Theblackline
microwell with abulged-up film. The yellow arrows represent how the direction ~ represents the extrapolated deflection profile 6(r) of the bulge.
ofthereflected light depends onthelocal slope, dé/dr, of the film. The green
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Extended DataFig. 4 |Illustration of homodyne optical interferometer. PAM: piezo-actuated mirror; SA: spectrum analyzer. The displacement
PBS: polarizingbeam splitter; A/2: half wave plate; A/4: quarter wave plate; fluctuations are measured with the spectrumanalyzer connected to
PD:photodetector; PID: proportional-integral-derivative controller; PD, while PD, is used for feedback stabilization.
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Extended DataFig. 5| Experimental and theoretical translation of Filmetrics F20 reflectometer. (E) Light intensity with respect to wavelength,
colorimetric values to bulge deflection. (A-B) Deflection profiles [top] A, atvarious film deflections. (F) Pixel values for R[top], G [middle], and
compared againstR, G, and B pixel values [bottom] for dimpled down (A) and B [bottom] channels withrespect to film deflection. Solid curve represents
bulged up (B) films. (C) Schematicillustration of three-layer model used to thecalculated theoretical value, whereas scatter points are measured
explainthe behavior of reflected light. (D) Refractive index, n[top], and experimental values.

absorption coefficient, k[bottom], of 35-nm 2DPA-1film measured by a
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Extended DataFig. 6 | Reconstruction of bulge deflection profile using
optical measurements. (A) Pixel values for R- (red square), G- (greencircle),
and B-channels (blue triangles) with respect to bulge deflection when viewed
optically within the glass-covered environmental chamber. Data are fit witha
Fourier curve fitting function (solid curves). (B) Predicted deflection values
(lightbluecircles) from the Fourier functions in panel A for asingle slice of
pixel values extracted from the opticalimage of abulge confined within the
environmental chamber (inset). Thered curve represents the bulge profile fit

after filtering extraneous solutions. (C) Predicted bulge profiles for 180 slices
extracted fromal80°-rotationaround the bulge opticalimage. Light blue
symbols represent profiles that were eliminated via stepwise regression to
minimize outliers. Thered line represents the final fitting curve used to estimate
the bulge deflection. (D) Representation of outlier filtering process to produce
final 3D bulge configurations. 2D contour of bulge deflections before [left] and
after [middle] stepwise regression.
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Extended DataFig.7|Pressurization of negatively deflected films.

(A) Changein bulge deflection with respect to the overpressure applied during
the N, pressurization process. Error bars represent standard deviations from
n=17,10,10, 8,and 12 samples for applied pressures of 20, 50,100, 150,and 200
kPa, respectively. Thebluelineis cubicfitintended to guide the reader’s eye.
(B) Changein the absolute deflection of bulges with respect to time after being
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pressurized with 150 kPa N, over atmosphere. (C-D) Optical images of the
10-um diameter Si/SiO, wells sealed with a35-nm 2DPA-1film. Red circles
mark the wells that were tracked via AFM measurements. (C) Image taken
before pressurization with 150 kPaN,. (D) Image taken after pressurization
with150 kPaN,.
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Extended DataFig. 8 |N,-2DPA-linteraction energies calculated by density
functional theory, DFT. (A) Top-down schematic of offset 2DPA-1bilayer
[topimage] along with cross-sectionalimages of the three fixed positions

[P1-3, bottom images] within bilayer used to perform calculations. Yellow-
shaded area highlights the correspondinglocation of gasesin bilayer framework
fromtop and cross-sectional views. (B) Energy profile with respect to the pore-
to-pore offsetin the bilayer.
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Extended DataFig. 9| Platelet characteristics withrespecttorvalue.
Comparison of 4™-generation hexagonal platelets that are perfect (A) and
defective (B-D).In panel B, two types of defects are shown: periphery (shaded
grey) andinterior (shaded green). Panels C and D are platelets with 50%
defectiveness. (E) Scaling of platelet diameter with respect to their rvalue
for platelets that areideal, 50% defective, and dendrimers. (F) Transmission
electron microscopy (TEM) images of 2DPA-1 platelets with rvalues of 2.27
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(top) and 9.67 (bottom). Scale barsrepresent 20 nm. (G) Yield of mechanically
stable films suspended over the 10-um-diameter Si/SiO, wells withrespect to
thervalue of the 2DPA-1 platelets. Error bars represent standard deviations
from 440 film-covered microwells analyzed across three separate film
transfers. The transition fromred to blue shaded regions represents the
threshold rvalue necessary to achieve mechanically robust films at 35 nm
thickness.
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Extended DataFig.10|Estimating O, permeability using Thiele modulus.
(A) Schematic of 2DPA-1-coated MAPDI, perovskite with defined coordinate
system. The top of the 2DPA-1surface (x = 0) isexposed toambient O,and H,0,
conflated asreactant Ginthe modelatanambient concentration of Cgy,.

The perovskite volume, V, has aninterface with the polymer at x=§, with
pristine (Phase A - left) and degraded (Phase B - right) phases. The interfacial
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concentration of reactant Gis Cgs. The thickness of 2DPA-1and perovskite
phasesare &andy, respectively. (B) Perovskite degradation kinetics from the
XRD peak ratio of the intrinsic MAPbI; and Pbl, phases. The left panelis the
uncoated perovskite with pseudo-first order rate constant k=10"s while
theright panel shows the 2DPA-1-coated perovskite kinetic rate constant
k=7%x107s™.
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