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Polysulfates and polysulfonates possess exceptional mechanical properties making them potentially valuable engineering
polymers. However, they have been little explored due to a lack of reliable synthetic access. Here we report bifluoride
salts (Q+[FHF]–, where Q+ represents a wide range of cations) as powerful catalysts for the sulfur(VI) fluoride exchange
(SuFEx) reaction between aryl silyl ethers and aryl fluorosulfates (or alkyl sulfonyl fluorides). The bifluoride salts are
significantly more active in catalysing the SuFEx reaction compared to organosuperbases, therefore enabling much lower
catalyst-loading (down to 0.05 mol%). Using this chemistry, we are able to prepare polysulfates and polysulfonates with
high molecular weight, narrow polydispersity and excellent functional group tolerance. The process is practical with regard
to the reduced cost of catalyst, polymer purification and by-product recycling. We have also observed that the process is
not sensitive to scale-up, which is essential for its future translation from laboratory research to industrial applications.

Click chemistry features the formation of carbon–heteroatom
bonds to generate molecules with desired functionality
using highly efficient, selective, modular and benign reaction

processes1. From a synthetic perspective, polymer chemistry
depends on many of the same basic principles as click chemistry
—modularity and efficiency are inherent in practical polymer
syntheses2, which explains the growing impact of click chemistry
on materials science over the past decade3, especially in the field
of polymer preparation and modification4,5.

Recently, we introduced sulfur(VI) fluoride exchange (SuFEx)
as another embodiment of click chemistry6. The SuFEx click
chemistry allows the activation of SVI–F bond with a ‘Si+’ species
in the presence of organosuperbase catalysts, such as 1,8-diazabi-
cyclo[5.4.0]undec-7-ene (DBU) and 2-tert-butylimino-2-diethyla-
mino-1,3-dimethylperhydro-1,3,2-diazaphosphorine (BEMP, a
phosphazene base—full name cited from Reaxys). With these
catalysts, the reaction between aryl fluorosulfates (or aryl sulfonyl
fluorides) and aryl silyl ethers exclusively affords diaryl sulfates (or
diaryl sulfonates). The SuFEx reaction has been successfully
applied to the synthesis of aromatic polysulfates and polysulfo-
nates by our group7,8, and to post-polymerization modifications
by others9–11.

Polysulfates and polysulfonates with their sulfur(VI) linkages
(–SO2–) possess excellent mechanical properties and high chemical
stability, as needed for engineering polymers12–15. For instance,
the bisphenol A (BPA) polysulfate has slightly higher tensile
modulus, similar yield stress and significantly lower oxygen
permeability compared to its polycarbonate counterpart7.
Nevertheless, they have been rarely used for industrial applications
due to a lack of reliable and scalable synthetic access. Our SuFEx
process represents the first efficient protocol for the preparation of

these polymers. Considering the availability of bisphenols (BPA
has an annual production of millions of tonnes, most of which
are used for polycarbonates and epoxy resins industry) and sulfuryl
fluoride gas (SO2F2, widely used as fumigant) as commercial feed-
stocks, it is attractive to further explore this process for potential
industrial applications.

However, several disadvantages of the base-catalysed SuFEx
process have hampered its scale-up. First, the catalyst loading is
quite high. For a typical polymerization reaction, no less than
10 mol% of DBU has to be used. One limitation of high catalyst-
loading is that a tedious purification procedure is required to
remove catalyst residue prior to polymer processing. Second,
BEMP requires only 1.0 mol% of catalyst-loading, but is quite
expensive and lacks bulk accessibility. Third, the strong basic
nature of the catalysts restricts the substrate scope of the process.
For instance, alkyl sulfonyl fluoride monomers are not well compa-
tible with this process due to the facile deprotonation of their α-H
when subjected to strong bases16,17.

Addressing these issues, we report a new set of catalysts for
SuFEx-based polysulfate and polysulfonate synthesis, namely
the bifluoride salts (Q+[FHF]–, where Q+ refers to a wide range
of organic and inorganic cations)18,19. The bifluoride species has
been little appreciated by the synthetic community. Its presence
is nearly certain wherever a fluoride ion is exposed to any poten-
tial proton sources20. The 4-electron-3-centered anion ([FHF]–)
has one proton trapped between two fluoride anions via the
strongest hydrogen bond ever recorded21. Such a formation
gives the bifluoride ion modest acidity (pH ≈ 3.0 for the saturated
aqueous solution of potassium bifluoride at room temperature)22,
moderate nucleophilicity23 and excellent stability21. While the
strongly basic fluoride sources, such as cesium fluoride, only
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exhibited moderate activity in our SuFEx reaction7, we hypoth-
esized that the acidic bifluoride species could facilitate
SuFEx reactivity.

Results and discussion
We first investigated potassium bifluoride (K+[FHF]–) as catalyst for
the polycondensation of A-1 and B-1 in N-methyl-2-pyrrolidone
(NMP) at 130 °C (Fig. 1a). The polymerization reaction catalysed
by DBU (10 mol%) and BEMP (1 mol%) served as controls
(Fig. 1b; catalyst loadings are given in molar ratio to the total
amount of both monomers). The number-average molecular
weight (Mn

ps) (ps, polystyrene) and polydispersity (PDI) were deter-
mined by gel permeation chromatography (GPC), which was cali-
brated with commercial polystyrenes. Our results indicated that
2.0 mol% of potassium bifluoride was indeed able to promote the
polysulfate formation. But it was much slower compared to the reac-
tion catalysed with DBU or BEMP (17 h versus 1 h), affording the
polysulfate P-1 with a low molecular weight (Mn

ps = 28 kDa).
However, the molecular weight of P-1 could be dramatically
improved to as high as 100 kDa by combining 2.0 mol% of potass-
ium bifluoride with 1.0 mol% of tetrabutylammonium chloride or
18-crown-6 ether as catalyst. In all entries, the PDI remained
narrow (1.4∼1.6, Fig. 1c).

Subsequently, we investigated the impact of cations on the activities
of the bifluoride catalysts (Q+[FHF]–, Fig. 1d). Various oniumbifluoride
salts were prepared through ion-exchange of their chloride/bromide
precursors (Q+X–, X = Cl, Br) with silver bifluoride (Ag+[FHF]–),
and were used as 0.1 M stock solution in acetonitrile

(Supplementary Section 2-3-1). We found that a wide variety of
onium bifluorides were highly active at promoting the reaction, requir-
ing only 0.1 mol% loading in most cases (the minimum amount
required to produce P-1 with Mn

ps > 20 kDa). Upon the addition of
the bifluoride catalyst, the reaction was triggered instantly with the
release of tert-butyldimethylsilyl fluoride (TBSF, b.p. 89 °C)24, and
yet not much heat was released. Within one hour P-1 was obtained
with Mn

ps ranging from 30 kDa to 100 kDa (PDI = 1.4∼1.7).
We found that tris(dimethylamino)sulfonium bifluoride (Q-5)25 was
the most effective catalyst—at a 0.05 mol% catalyst loading it was
able to generate P-1 with a molecular weight up to 100 kDa.
Hexamethyl guanidium bifluoride (Q-6) also exhibited remarkable
activity at 0.08 mol% catalyst loading (PDI = 2.0). However, a con-
fined, five-membered cyclic version of the cation (Q-7) had decreased
activity (0.25 mol% loading).

Inspired by the extraordinary activity of bifluoride salts in cata-
lysing the SuFEx polymerization reaction, we investigated whether
poly(hydrogen fluoride) salts (Q+[HnFn+1]

–, n > 1, Fig. 1e) could
promote the transformation as well18. The dihydrogentrifluoride
salt Q-11 was prepared via ion-exchange of its chloride precursor
with excess K+[FHF]– (ref. 26). Thereafter, equilibrations of Q-11
with hydrofluoric acid (48 wt.% in H2O) in acetonitrile gave catalysts
Q-12–Q-14 in situ, which were used directly without the removal of
water (Supplementary Section 2-3). We found Q-11–Q-13 were
excellent catalysts for P-1 formation, although slightly higher cata-
lyst-loadings were required (0.5 mol% in most cases). Intriguingly,
we confirmed the formation of P-1 with a moderate molecular
weight (Mn

ps = 20 kDa) even when the HF:F– ratio was 9:1 (Q-14),
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Figure 1 | Catalyst screening for the SuFEx-based synthesis of polysulfates. a, The synthesis of P-1 from monomers A-1 and B-1 is employed as a model
reaction for catalyst screening. b, Control experiments with DBU or BEMP as catalysts. c, Evaluation of K+[FHF]– (with/without phase transfer reagents) as the
catalyst with a reaction time of 17 h. d, Evaluation of onium bifluoride (Q+[FHF]–) salts as catalysts. e, Evaluation of poly(hydrogen fluoride) salts as catalysts.
NMP, N-methyl-2-pyrrolidone; TBS, tert-butyldimethylsilyl;Mn

ps, number-average molecular weight with polystyrene as standard; PDI, polydispersity index.
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suggesting that the polymerization reaction has an excellent toler-
ance for the presence of a few per cent of water and HF in the
system. In contrast, we only obtained a mixture of oligomers and
partly hydrolysed monomers when triethylamine trihydrofluoride,
pyridinium poly(hydrogen fluoride)27, or hydrofluoric acid were
employed as catalysts (see Supplementary Section 2-4 for more
information on catalyst evaluation).

To evaluate the fidelity of the bifluoride catalytic system, we
examined monomers with diverse functional groups (Table 1).

The polysulfates P-2, P-5 and P-6 had previously been prepared
under the DBU-catalysed polycondensation reaction7. When the
bifluoride catalyst Q-5 was used, we obtained these polysulfates
with comparable molecular weights and polydispersities. For
instance, theMn

ps/PDI of P-2 was 46 kDa/1.5 with the DBU catalyst
versus 84 kDa/1.6 with the Q-5 catalyst. Under the same reaction
conditions, monomers A-3/B-3, A-4/B-4 and A-8/B-8 were con-
verted to polysulfates with molecular weights ranging from 36 to
52 kDa. Even the sterically hindered monomer B-9 underwent

Table 1 | Synthesis of polysulfates from diverse building blocks.
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Typical reaction conditions: A (2.0 mmol) and B (2.0 mmol) in NMP (1.0 ml) at 130 °C for 1 h with Q-5 (0.004 mmol) as the catalyst. *5.0 mol% ofQ-5 was used. †P-11awas treated with BBr3 (10.0 equiv.) in
dichloromethane first, then with SO2F2 (balloon)/Et3N in dichloromethane. NMP, N-methyl-2-pyrrolidone; TBS, tert-butyldimethylsilyl;Mn

ps, number-average molecular weight with polystyrene as standard; PDI,
polydispersity index.
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cross-condensation with A-1 giving polymer P-9 with high molecu-
lar weight and good polydispersity (Mn

ps = 58 kDa, PDI = 1.7),
alternatively A-9 reacted with B-1 giving P-9 with a slightly lower
molecular weight (Mn

ps = 23 kDa, PDI = 1.4). The orthogonal
nature of the SuFEx click reaction to many other standard chemical
reactions enables us to incorporate latent functional groups on the
emergent polymer backbones for post-polymerization modification.
For example, propargyl groups in P-12 can serve as handles for the
CuAAC-mediated functionalization5. Alternatively, the methoxy

groups in P-11a were converted into fluorosulfates (P-11b) to
undergo further SuFEx modification11.

We have also examined Q-5 (0.1 mol%) catalysed polycondensa-
tion of AB-1, in which the two functional groups, –OSO2F and
–OTBS, were residents in a single molecule (AB-1 is bench-stable
for at least one year at room temperature). Under the same reaction
conditions, polysulfate P-1 was obtained with a Mn

ps of 65 kDa
(PDI = 1.5), which is comparable to polymers obtained from the
A-1/B-1 polycondensation reaction (Fig. 2a). Intriguingly, we were
also able to realize the direct polycondensation of A-1 with SO2F2
gas catalysed by Q-5, affording P-1 with moderate molecular
weight (Mn

ps = 22 kDa, PDI = 1.4, Fig. 2b). This strategy is generally
applicable to other monomers like A-7, with which polysulfate P-7
was prepared in near quantitative conversion (Mn

ps = 28 kDa,
PDI = 1.5, Fig. 2c). In these cases, aryl fluorosulfate intermediates
(–C6H4OSO2F) were generated in situ via the reaction between
aryl silyl ether (–C6H4OTBS) and sulfuryl fluoride gas catalysed
by Q-5, which underwent further condensation with another
molecule of aryl silyl ether to extend the backbone and finally
resulted in the polysulfate.

When DBU or BEMP was employed as the catalyst, the reactions
of aryl silyl ether with alkyl sulfonyl fluoride afforded a mixture of oli-
gomers and decomposition adducts of both monomers and oligo-
mers, which might be due to the deprotonation of the α-H of the
sulfonyl fluoride group17. Hydrogen fluoride catalysts, however,
provide an acidic reaction environment that is compatible with
those alkyl sulfonyl fluorides22. To demonstrate this, we combined
the aliphatic bis(sulfonyl fluorides) B-13, B-14 and B-15 respectively
with A-1 in NMP in 1:1 ratio and in the presence of 5 mol% catalyst
Q-5 at 130 °C. The resulting polysulfonates P-13, P-14 and P-15 were
afforded in quantitative yields and moderate molecular weights
(Table 2). On the other hand, the polycondensation of the aromatic
bis(sulfonyl fluoride) B-17 required lower catalyst-loading (0.5 mol%)
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Figure 2 | Two alternative strategies for the synthesis of polysulfates via
the bifluoride-catalysed SuFEx reaction. a, The synthesis of P-1 from the
bifunctional monomer AB-1. b, The synthesis of P-1 from the polycondensation
of A-1 with sulfuryl fluoride gas (SO2F2). c, The synthesis of P-7 from the
polycondensation of A-7 with sulfuryl fluoride gas (SO2F2). NMP, N-methyl-2-
pyrrolidone; TBS, tert-butyldimethylsilyl;Mn

ps, number-average molecular
weight with polystyrene as standard; PDI, polydispersity index.

Table 2 | Synthesis of polysulfonates from aliphatic and aromatic bis(sulfonyl fluoride).
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Typical reaction conditions:A (2.0 mmol) and B (2.0 mmol) were polymerized in NMP (1.0 ml) at 130 °C for 1 h withQ-5 as catalyst. *5.0 mol% ofQ-5was used. †0.5 mol% ofQ-5was used. NMP, N-methyl-2-
pyrrolidone; TBS, tert-butyldimethylsilyl; Mn

ps, number-average molecular weight with polystyrene as standard PDI, polydispersity index.
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and gave polysulfonate with a higher molecular weight. The bifluor-
ide-catalysed SuFEx polycondensation reaction is also applicable to
the synthesis of the fluoropolymer P-16 from the perfluorobutane-
1,4-disulfonyl fluoride B-16 and the silyl ether A-1 (Mn

ps = 23 kDa,
PDI = 1.3). Fluoropolymers often possess excellent physical and
chemical properties, such as low dielectric constants and coefficients
of friction28.

For laboratory use of the bifluoride-catalysed SuFEx polymeriz-
ation or ligation, there are several options for catalyst preparation
summarized in Supplementary Section 2-3. For industrial interests,
however, bulk supplies of high-quality catalysts at low cost is
required. Fortunately, a reliable protocol for the large-scale prep-
aration of Q-5 from commercially available SF4 has already been
reported (Fig. 3a)25,29. In addition, there is a practical access to
other bifluoride salts which involves the ion-exchange of onium
halides (Q+X–, X = Cl, Br, I) with anhydrous hydrogen fluoride
(Fig. 3b). Anhydrous HF and many onium halides are bulk chemi-
cals, therefore practical industrial scale syntheses of bifluoride cata-
lysts is expected. Demonstrating this, we carried out a 5-gram scale
preparation of 1-ethyl-3-methylimidazolium bifluoride
(EMI+[FHF]–) (modified procedure based on refs 30,31).
(Caution! Anhydrous HF is dangerous for its strong corrosiveness
and toxicity, and must be manipulated in specific apparatus under
safety guidance. See Supplementary Section 2-3-6).

Having established the optimal conditions for the bifluoride-
catalysed SuFEx polymerization reaction, as well as the protocols
for catalysts preparation, we were further interested in enlarging
the synthesis of polysulfate P-1 to 100-gram scale in our laboratory.
A bulk polymerization with 0.2 mol of A-1 and 0.2 mol of B-1 was
carried out at ∼120 °C (internal temperature) in NMP (50 ml),
using only 0.05 mol% of catalyst Q-5 (Fig. 3c). Polysulfate P-1 was
obtained as white fibrous materials in near quantitative yield
(112.7 g, Fig. 3d). GPC analysis gave a Mn

ps of 110 kDa (PDI = 1.7,
Supplementary Fig. 8), which was even higher than the P-1
product obtained at the 2.0 mmol scale (Mn

ps = 92 kDa, PDI = 1.7,
Fig. 1d). Differential scanning calorimetry and thermal gravimetric
analysis results (Supplementary Section 2-8) were comparable with
the data obtained from the BEMP-catalysed bulk polycondensation7,
indicating these two batches of polymers had the same quality. We
also examined the end-capping effect, which is a standard strategy

for molecular weight-control (Supplementary Section 2-6)32. The
only by-product of the SuFEx-polymerization process is the TBSF
(Fig. 3e). Nevertheless, we found it can be used in place of tert-butyl-
dimethylsilyl chloride for the production of the silyl ether monomer
A and hence recycled (Supplementary Section 2-9).

Conclusion
In summary, we have developed bifluoride salts as a new class of
catalysts for the SuFEx click reaction, and have applied this
chemistry to the preparation of polysulfates and polysulfonates.
Compared to organosuperbase catalysts (for example, DBU and
BEMP), the bifluoride ion [FHF]– is acidic. It allows the SuFEx
polymerization reaction to be extended to a broader substrates
scope, such as aliphatic sulfonyl fluorides. Most importantly, the
bifluoride catalyst is significantly more active, therefore the
polymerization reaction requires much lower catalyst-loading,
which is essential for cost-effective industrial scale production.
Our large-scale experiment further confirms the high fidelity of
the bifluoride catalytic process for scale-up. Moreover, we have
also provided practical solutions for catalyst preparation and for
by-product recycling (TBSF). This work sets a foundation for
future translation of polysulfate synthesis from laboratory research
to industrial applications.

Methods
Process for the bulk preparation of polysulfate P-1. Monomers A-1 (91.36 g,
0.2 mol) and B-1 (78.48 g, 0.2 mol) were combined in a dry 1 l three-neck
round-bottom flask equipped with a Teflon-coated magnetic stir bar, a thermometer
and a reflux condenser (Fig. 3c). The flask was purged with nitrogen gas, into which
dry NMP (50 ml) was then added. Next, it was placed in a pre-heated oil bath
(130 °C, oil temperature). With stirring, monomers gradually dissolved in NMP, and
the internal temperature stabilized at 123 °C. Under vigorous stirring, catalyst Q-5
(0.1 M in dry CH3CN, 2.0 ml, 0.0002 mol) was added. The reaction initiated
instantaneously. The internal temperature rose to 135 °C, then quickly dropped to
100–110 °C due to the refluxing of TBSF. The reaction was allowed to run for 1 h,
during which the reaction mixture turned highly viscous and the internal
temperature stabilized at around 120 °C. The flask was subsequently cooled to room
temperature. TBSF was then distilled out from the reaction mixture as colourless
liquid at 80 °C (diaphragm pump; 49.1 g product, Fig. 3e). After the distillation,
250 ml DMF was added to the reaction flask to dissolve the polymer at 120 °C.
The warm DMF solution was then slowly poured into 2 l methanol with vigorous
mechanical stirring at room temperature. White fibres of P-1 crashed out and
aggregated like a bird’s nest in methanol, which was collected and dried at 70 °C

a

Q+X– Q+[HnFn+1]–
(1) HF(anhydrous, excess), –78°C, 15 min

(2) 0 °C to 25 °C, 2 h, in vacuo (low)
–HX (gas)

(3) Heat, in vacuo (high)
Q+[FHF]–

(Q = onium ions;  X = Cl, Br, I)

–HF (gas)

b

SF4 + Me2NSiMe3

(1) Et2O, 25 °C

(2) H2O
(refs 25,29)(Me2N)3S+[FHF]–

Q-5

dc e

(refs 30,31)

Figure 3 | Catalysts preparation and bulk synthesis of P-1. a, Reported procedure for the preparation of catalyst Q-5. b, A schematic protocol for the
preparation of bifluoride catalysts via the ion-exchange reaction of onium halides (Q+X–, X = Cl, Br, I) with anhydrous hydrogen fluoride (see Supplementary
Section 2-3-6 for details). c, The 100-gram scale preparation of P-1 from the polycondensation of A-1 (0.2 mol) and B-1 (0.2 mol) catalysed by 0.05 mol%
of Q-5 in NMP (50 ml). d, 112.7 g P-1 was obtained from bulk polymerization (Mn

ps= 110 kDa, PDI = 1.7). e, 49.1 g TBSF was recycled from the bulk
polymerization process.
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for 12 h to give 112.7 g dry polymer (Mn
ps = 110 kDa, PDI = 1.7, Fig. 3d).

Full experimental details and characterization of compounds are given in
Supplementary Information.

Received 22 December 2016; accepted 8 May 2017;
published online 19 June 2017
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