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Interrogating the stacking of two-dimensional polymers (2DPs) as a 
function of chemical composition is important to leverage their 
properties. We explore the dependence of 2DP crystallinity and 
porosity on variable amounts of zwitterions contained within the 
pores and find that high zwitterion loadings consistently diminish 
2DP materials quality. A competition between disruptive zwitterion 
electrostatic forces and alkyl stabilization directs the stacking order 
of each 2DP and demonstrates the contrasting effects of side chain 
composition on COF crystallinity.

Two-dimensional polymers are crystalline, porous network 
polymers with tunable topologies and functionalities stemming 
from careful monomer design.1 2DPs, especially the subclass 
known as 2D covalent organic frameworks (COFs), have been 
investigated for catalysis,2, 3 gas storage,4, 5 and molecular 
separations,6, 7 and more. The appeal of 2DPs in these 
applications stems from the unique combination of structural 
features inherent to these materials, such as permanent 
porosity, the precise arrangement of functional groups, and 
readily-accessible 1D channels. However, fully leveraging 2DPs 
in these applications necessitates a fundamental understanding 
of how structural features impact stacking, as stacking order 
dictates pore accessibility and is necessary for high bulk 
crystallinity and porosity. Although 2DPs are often reported to 
have eclipsed stacking, offsets between layers can result in 
staggered stacking or slip-stacking wherein sheets can adapt 
unidirectional, alternating, or random offsets.8

Numerous methods involving installing motifs of varying 
sizes and/or charge states have been employed to understand 
how 2DP functionality directs the overall stacking order.9-15 
Installing zwitterionic moieties within the 2DP pores, which can 

yield a high ion density within these nanometer-scale channels, 
has yet to be thoroughly explored. There are a few examples of 
zwitterionic 2DPs that contain at least one charge located along 
the backbone,16-18 as well as several charged 2DPs that have 
untethered counterions in the pores.19, 20 Only one 2DP example 
has zwitterionic moieties contained entirely within dangling 
chains in the pores, but this system was not thoroughly 
investigated for structural changes arising from the installation 
of these groups.21 Here we incorporate zwitterionic groups into 
2DP pores with high yields and variable loadings and 
demonstrate that zwitterion loading has a destabilizing effect 
on the apparent crystallinity and porosity of the 2DP. The 
stacking order was found to diminish above certain zwitterion 
loading threshold values for the two different 2DP systems 
examined. These results demonstrate that alkyl chains stabilize 
the stacking interactions of layered 2DPs, and that interlayer 
interactions and resulting stacking order can be manipulated by 
including variable amounts of zwitterions.

Zwitterionic 2DPs were prepared by the post-
polymerization reaction of dimethylamine-functionalized 2DPs 
with 1,3-propane sultone, as this ring-opening reaction22, 23 
introduced zwitterionic moieties into the 2DP pores. The acid-
catalyzed condensation24 of 2,5-bis(2-(dimethylamino)ethoxy) 
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Scheme 1 Synthesis of zwitterionic 2DPs.
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terephthalaldehyde (1) with 1,3,5-tris(4-aminophenyl)benzene 
(TAPB) yielded dimethylamine-functionalized 100%[NR3]-2DP 
as a polycrystalline powder after activation (Scheme 1). Fourier-
transform infrared spectroscopy (FT-IR) indicated that the 
product was imine-linked. This assignment was based on the 
appearance of a peak corresponding to the imine stretching 
frequency (1590 cm-1) and concomitant loss of the features 
corresponding to the amine (3350 cm-1) and the aldehyde (1680 
cm-1) monomers (Figure S41). These spectral features are 
consistent with conventional imine-linked 2DP syntheses.25 
Powder X-ray diffraction (PXRD) data corroborate predictions 
that describe hexagonal-pore 100%[NR3]-2DP forming with an 
average-eclipsed stacking geometry, with reflections at 2θ = 
2.7° and 5.4° assigned to the (100) and (200) crystallographic 
planes, respectively (Figure 1A).26 N2 porosimetry experiments 
yield a type IV sorption isotherm, corresponding to a Brunauer-
Emmett-Teller surface area (SBET) of 870 m2 g-1 (Figure 1B). 
Taken together, these structural characterization data 
demonstrate that 100%[NR3]-2DP was synthesized as a high-
quality microcrystalline powder.

Zwitterionic moieties were efficiently installed in the 2DP 
pores by functionalizing the pendant dimethylamine groups. 
100%[NR3]-2DP was reacted with 1,3-propane sultone at 80 °C 
for 2 days in acetonitrile to install the zwitterions (Scheme 1).23 
To evaluate the efficiency of the ring-opening reaction, the 
insoluble 2DP product was hydrolyzed in DCl/D2O to return its 

aldehyde-containing monomers as a mixture of 1 and its 
corresponding zwitterionic analogue. Comparing the 

integration values of the resonances from each dialdehyde 
using 1H Nuclear Magnetic Resonance (NMR) spectroscopy 
indicated that 91% of the original dimethylamine moieties 
reacted with the sultone (see ESI for a detailed discussion). The 
high efficiency of this post-polymerization transformation 
furnished a 2DP where 91% of the possible pore appendages 
were zwitterionic, and the remaining 9% were unreacted 
dimethylamine moieties, termed 91%[Z]-2DP. This finding is 
consistent with reports of tertiary amines reacting with 1,3-
propane sultone to high conversion.22, 23 91%[Z]-2DP also 
exhibited changes in its solid-state 13C cross-polarization magic 
angle spinning (CP-MAS) NMR spectrum relative to its precursor 
100%[NR3]-2DP that were similar to the spectrum of a 
zwitterionic model compound (Figure S46). The efficiency of the 
post-polymerization functionalization of 100%[NR3]-2DP 
enabled subsequent systematic investigations into how 
zwitterionic pore functionality can impact 2DP stacking.

The installation of zwitterionic moieties within the 2DP 
pores was accompanied by a notable reduction in the 
crystallinity and porosity of the material. The PXRD pattern of 
the 91%[Z]-2DP product displays a loss of crystallinity, with no 
defined Bragg features present (Figure 1A). Additionally, the N2 
sorption isotherm of the material revealed a marked decrease 
of the surface area to 130 m2 g-1 (Figure 1B). A high mass yield 
(94%) of the transformation was observed, ruling out the 
possibility of partial exfoliation, and FT-IR and 13C CP-MAS NMR 
spectroscopies demonstrated that the imine linkages within the 
2DP sheets are retained (Figures S42, S46). Scanning electron 
microscopy (SEM) images show that there are no significant 
morphological changes between 100%[NR3]-2DP and 91%[Z]-
2DP (Figures S47, S48). Taken together, these results suggest 
that the 2DP sheets with high zwitterion loading are still 
chemically intact but have lost their ability to stack in a periodic 
fashion. Ultimately, this loss of ordered stacking results in 
reduced crystalline signal and surface area.

2DPs with variable zwitterion loadings were synthesized to 
investigate the role of zwitterion loading on 2DP crystallinity 
and porosity. Dimethylamine linker 1 and 2,5-
dimethoxyterephthalaldehyde 2 were reacted with TAPB using 
varying aldehyde feed ratios (X = 0–100%) to yield crystalline 
dimethylamine-functionalized Y1%[NR3]-C1-2DP products. In 
this notation, Y1 corresponds to dimethylamine linker loading as 
determined by 1H NMR digestion of 2DP products (Scheme 1; 
see ESI). These 2DPs were reacted with 1,3-propane sultone to 
yield Y2%[Z]-C1-2DP products, and the final Y2 zwitterion 
loadings were again quantified by acid digestion 1H NMR 
analyses and indicate an average dimethylamine-to-zwitterion 
conversion rate of 82%, with final nonzero zwitterion loadings 
ranging from 5-91%. For example, a 13%[Z]-C1-2DP product 
denotes that 13% of possible pore appendages are zwitterion 
moieties, while the remaining 87% of possible pore appendages 
are a combination of methoxy groups and a small amount of 
unreacted dimethylamine groups. These data indicate that a 
range of 2DP dimethylamine loadings, and subsequent 
zwitterion loadings, are accessible by this approach.

Figure 1. Synthesis and characterization of 100%[NR3]-2DP (blue) and the zwitterionic 
product of the subsequent reaction with 1,3-propane sultone, 91%[Z]-2DP (pink). (A) 
Normalized PXRD patterns, and (B) N2 sorption isotherms. In the PXRD patterns, the rise 
to the left of 2θ = 2.0° is due to instrument cutoff. 91% is the highest zwitterion loading 
achieved starting from 100%[NR3]-2DP, as quantified from 1H NMR digestion studies.
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Higher zwitterion loadings directly impact 2DP crystallinity 
and porosity, sharply reducing materials quality above a 
threshold level. At low zwitterion loadings (≤13%) the C1-2DPs 
display crystalline signals via PXRD. However, at higher 
zwitterion loadings (≥21%) no 2DP exhibited features in its PXRD 
pattern, indicating that there is a zwitterion loading threshold 
value within 13-21%, below which apparent crystallinity is 
maintained, and above which crystallinity is diminished (Figure 
2). N2 porosimetry data is consistent with this finding: 8%[Z]-C1-
2DP exhibits an SBET of 1300 m2 g-1, while that of the 21%[Z]-C1-
2DP decreases to 230 m2 g-1 (Figure 2). This trend in surface area 
reduction is highlighted in a plot of surface area vs. zwitterion 
loading, reinforcing the observation of a zwitterion loading 
threshold impacting materials quality (Figure 3). The mass 
yields of all zwitterion-forming reactions are still high (>91%). 
This observation, along with crystallographic and porosimetry 
data, again suggests that high zwitterion loading leads to 
disordered sheet stacking as opposed to exfoliation.

Zwitterionic 2DPs made with a co-linker bearing a larger 
alkoxy group maintain high materials quality up to higher 
zwitterion loadings and still display an analogous zwitterion 
loading threshold effect. We prepared another series of 
dimethylamine-based 2DPs with 2,5-bis(hexyloxy) 
terephthalaldehyde as a co-linker. We hypothesized that the 
van der Waals interactions between stacked hexyloxy side 
chains would help favor interlayer sheet stacking despite high 
neighboring zwitterion content. Combining 1 and 2,5-
bis(hexyloxy)terephthalaldehyde with TAPB furnished 
Y1%[NR3]-C6-2DP products that served as high quality 

precursors (Scheme 1; see ESI) to form C6-based zwitterionic 
2DPs using our ring-opening method. These precursor 2DPs 
were accordingly reacted with 1,3-propane sultone to yield 
zwitterionic Y2%[Z]-C6-2DP products, with an average 
dimethylamine-to-zwitterion conversion rate of 91% and final 
nonzero zwitterion loadings ranging from 25-78%. In a manner 
analogous to that of the C1 2DP series, here the C6 2DPs display 
crystalline signals via PXRD at zwitterion loadings ≤59%, but not 
at higher loadings (≥67%), indicating a zwitterion loading 
threshold value within 59-67% below which crystallinity is 
retained, and above which crystallinity is lost (Figure 2). 
Nitrogen porosimetry experiments corroborate this threshold 
finding, as 25%[Z]-C6-2DP possesses a SBET of 880 m2 g-1, while 
67%[Z]-C1-2DP decreases to 410 m2 g-1 (Figure 2).

The maximum zwitterion loading in the C6-2DP series (59–
67%) while maintaining crystallinity is higher than that of the C1-
2DP series (13–21%), suggesting that the hexyloxy chains play a 
vital role in facilitating ordered interlayer sheet stacking. The 
observed drop in surface area is more drastic in the zwitterionic 
C1-2DP series relative to the zwitterionic C6-2DP series. This 
observation has two potential rationales. First, the precursor 
dimethylamine-functionalized C1-2DPs have higher surface 
areas than the parallel precursor C6-2DPs, whereas their 
respective zwitterionic product 2DPs for both co-linkers have 
similar surface area values, making the SBET drop in C1-2DPs 
more pronounced. Second, the methoxy chains proved far less 
effective than the hexyloxy chains in promoting an ordered 
assembly of zwitterion-functionalized 2DP sheets – even at very 
low loadings – so the C1-2DPs lose interlayer stacking order at a 

Figure 2. Structural characterization of variably-loaded [Z]-C1 (left) and [Z]-C6 (right) 2DPs, where “Z” = zwitterionic chain in the chemical structure. Normalized PXRD patterns (top) 
and nitrogen sorption isotherms (bottom) of zwitterionic 2DPs, with final zwitterion loadings and SBET values indicated. In both systems, there is a zwitterion loading threshold above 
which the 2DP products lose structural order. 2DPs with zwitterion loadings below these thresholds all display crystalline features and possess high surface areas, while 2DPs with 
zwitterion loadings above these thresholds all display reduced crystallinity and surface areas, with nearly identical PXRD patterns and nitrogen isotherms. In the PXRD patterns, the 
rise to the left of 2θ = 2.0° is due to instrument cutoff. The 2DP loadings are all quantified through 1H NMR digestion studies.
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much lower zwitterion loading. Overall, we find a competition 
between disruptive zwitterion electrostatic forces and alkyl 
stabilization that dictates the stacking order of each 2DP.

In conclusion, we have found that zwitterions loaded into 
the pores of 2DPs disrupt the sheet stacking order. 
Dimethylamine-functionalized 2DPs are converted to 
zwitterionic 2DPs in high yields and at variable loadings. 
Zwitterionic 2DPs made with either methoxy or hexyloxy co-
linkers demonstrate a similar trend: below a certain threshold 
of zwitterion loading, the 2DP maintains stacking order and 
exhibits high crystallinity and porosity, whereas above that 
loading threshold these properties diminish. The hexyloxy 2DPs 
can maintain stacking order at higher zwitterion loadings than 
can the methoxy 2DPs, highlighting that there is a competition 
between deleterious zwitterion electrostatic interactions and 
alkyl stabilization forces that directs the stacking order of each 
2DP. This study furthers our understanding of 2DP stacking 
parameters and provides another avenue to direct 2DP 
interlayer interactions.
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Figure 3. Surface areas as a function of zwitterion loading for the Y2%[Z]-C1-2DPs. A 
dramatic drop of SBET values is seen around the zwitterionic loading threshold (13-21%), 
and the SBET values remain relatively constant above the threshold.
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