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ABSTRACT: Organocatalysis provides robust methodology to furnish “greener” routes to
polymer synthesis. However, the application toward the synthesis of aromatic polymers via
step-growth polymerization is an area that justifies more investigation, as a consequence of
the poor thermal stability of many organic catalysts and the high reaction temperatures
commonly required. In this study, thermally stable organic salts consisting of an organic base
and an organic acid were explored to understand key elements required for the bulk synthesis
of poly(ethylene terephthalate) (PET) at 270 °C. The ΔpKa values of the salts played an
important role in the thermal stability such that the salts with higher ΔpKa values showed
higher stability because of the strong acid−base interactions. The 1,5,7-triazabicyclo[4.4.0]-
dec-5-ene (TBD) salts with high ΔpKa values (≥16.9) showed the best catalytic activity among the investigated salts in terms of
both low amounts of side reactions and discoloration. The thermal and chemical stability of the salts also affected the polymer
properties. Dimerization side reactions that lead to defects in the polymer backbone were found to occur more readily in salts
containing strong acids as components, particularly as the ΔpKa between the acid−base components decreased. The discoloration of
the PET sample was also correlated to the thermal stability of the organic salt catalyst, with a lower stability generally leading to
enhanced discoloration likely due to decomposition of base components. Polymerization−depolymerization cycles were also
investigated with the TBD:p-toluenesulfonic acid (TSA) salt and the feasibility of simple, closed-loop recycling of PET with the
system was established.

■ INTRODUCTION
Aromatic polymers produced via step-growth polymerization
such as poly(phenylene sulfide) (PPS), poly(ethylene tereph-
thalate) (PET), poly(butylene terephthalate) (PBT), and
polyamide (PA) exhibit high performance characteristics
such as high thermal stability, high chemical resistance, and
good mechanical strength.1−9 Among these polymers, PET
represents one of the most industrially used thermoplastics
especially in the manufacture of food packaging, beverage
bottles, films, and synthetic fibers.4,10,11 However, its conven-
tional polymerization conditions are harsh and typically require
high temperatures (ca. ≥ 270 °C), high vacuum, and long
reaction times, which can lead to monomer decomposition and
unwanted side reactions that discolor the polymer and lower
its molecular weight.12 PET synthesis therefore requires a
thermally stable catalyst, most commonly metal-based species.
Industry-preferred catalysts are composed of antimony,
titanium, or germanium; however, these species can be highly
toxic, expensive, and/or lead to coloration of the resulting
PET.13

Organocatalysts are considered highly attractive for
application in polymer synthesis as they have the potential to
reduce the environmental footprint of the polymerization
process in addition to their often-lower toxicity.14−18 However,
utilizing these types of catalysts in the synthesis of aromatic

polymers via step-growth polymerization has not been
thoroughly investigated, most likely a consequence of the
typically poor thermal stability of many organic catalysts.
Recently, organic acid−base salts have been studied as
thermally stable organic catalysts for ring-opening polymer-
ization (ROP), step-growth polymerization,19 and depolyme-
rization.20−22 In particular, creatinine carboxylates and
imidazole-, N,N-dimethyl-4-aminopyridine (DMAP)-, and
benzoic acid (BA)-based salts were used in the synthesis of
aliphatic polyesters for the ROP of lactides.23−30 Thiourea-
based salts were also applied in aliphatic polyester amide
synthesis,31 and the 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-
ene:trifluoroacetic acid (MTBD:TFA) salt was investigated in
the synthesis of aliphatic polycarbonates,32 again by ROP.
However, these organic acid−base salts have been used only in
ROP under relatively low temperatures (up to 170 °C). More
recently, the 1,5,7-triazabicyclo[4.4.0]dec-5-ene:methane-
sulfonic acid (TBD:MSA) salt has been shown to have
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extremely high thermal stability on account of the formation of
an ionic pair between the protonated cation [TBDH]+ and the
[MSA]− anion, in addition to the hydrogen bond between the
N−H moiety of TBD and one of the oxygen atoms of the MSA
sulfonyl group.20 After being first studied as a catalyst for bulk
ROP of ε-caprolactone under mild conditions,33 recently, it
has been investigated for the preparation of aliphatic
polyethers34,35 and PET20,36 via step-growth polymerization
at 200−250 °C. Subsequently, the organic salt DBU-BA (1,8-
diazabicyclo[5.4.0]undec-7-ene/benzoic acid) was used as a
catalyst for the bulk step-growth polymerization of PET from
dimethyl terephthalate and ethylene glycol and from bis(2-
hydroxyethyl) terephthalate (BHET).36 However, despite the
wide range of available acids and bases, reports of utilizing
these catalyst species in step-growth polymerization remain
limited, and the development of a structure−function under-
standing has not been possible.
Herein we report our studies to understand the structural

elements that are critical to the application of organic salts as
catalysts in the step-growth polymerization of PET under
reaction conditions relevant to industry (i.e., 270 °C under
vacuum). Acid−base organic salts are investigated to under-
stand the differences in their thermal stability and catalytic
activity including the amounts of side reaction and
discoloration. We also demonstrate the feasibility of closed-
loop polymerization−depolymerization cycles of PET using a
highly stable TBD:p-toluenesulfonic acid (TSA) salt.

■ RESULTS AND DISCUSSION
Initially, we prepared a library of stoichiometric organic salts
that consist of a nitrogen-based organic base and an organic
acid via straightforward neutralization reactions in an organic
solvent (Figure 1). The bases and acids were selected to cover
a wide range of pKa values (pKa = −14 to 4.2 for acids; pKaH =
4.1 to 14.5 for bases) to increase the surveyed chemical space
beyond typical strong acid/strong base pairings such as
TBD:MSA.20 The formation of the salts was confirmed by
diagnostic changes in their 1H NMR spectra before and after
mixing. For example, the spectra of the series of salts prepared
with TBD revealed the loss of both the N−H proton signal of
TBD at δ = 4−5 ppm and the O−H proton signal of various
acids significantly further downfield to reveal a broad N−H
proton resonance from δ = 7.39−10.93 ppm that integrates to

two protons in intensity. In general, the downfield shift of N−
H proton signal in salts can be correlated to the acid strength.
To operate as polymerization catalysts for PET synthesis at

high temperature (i.e., 270 °C), the thermal stability of the
salts is a key parameter. As such, thermogravimetric analyses
(TGA) were conducted for each organic salt, both as a
function of temperature and under isothermal heating
conditions at 270 °C for 5 h (Figures 2, S3−S10, S12, and

Figure 1. (a) Chemical structures of all the bases and acids employed with their pKa values under aqueous conditions (see the Supporting
Information). (b) Summary of screened acid−base combinations indicated by shaded boxes: green = organic salt, blue = base only, and gray = acid
only.

Figure 2. TGA thermograms for various TBD-based salts: (a)
dynamic heating at a rate of 10 °C min−1; (b) isothermal heating at
270 °C for 5 h after initial temperature ramp from 25 to 270 °C at 10
°C min−1. Separation of heating phases indicated by the vertical
hashed line.
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S13). The dynamic heating experiments revealed that salts
with higher ΔpKa values, as assessed by the differences
between acid and base components,37−41 generally exhibited
higher thermal stability, i.e., higher 5 wt % loss temperatures
(Figure 2a). These data indicate that the TBD salts with ΔpKa
values of 15 or higher showed high thermal stability, and many
derivatives were stable up to temperatures of at least 270 °C,
which is required for synthesis of PET. Interestingly, further
examination of the most stable salts by isothermal TGA at 270
°C revealed that those salts with ΔpKa values closer to 15 were
the most stable over 4 h (Figure 2b). We postulate that the
correlation between thermal stability and ΔpKa is a
consequence of the strong interactions between the acid and
base (Figure S11). However, this relationship between ΔpKa
and thermal stability is not perfectly consistent with the data;
i.e., the salts with the greatest ΔpKa are not the most thermally
stable. For example, TBD:MSA is more thermally stable than
either TBD:BSA or TBD:TfOH while ΔpKa for the former is
lower (Figure 2b). This could be related to free (unbound)
acid or base arising during heating or possibly due to
decomposition of the salt species itself. As such, the stability
of the constituent base or acid alone should also be considered,
and this value may not necessarily correlate to the respective
pKa values (Figures S1 and S2). Notably, initial exploration of
the phosphazene base, 2-tert-butylimino-2-diethylamino-1,3-
dimethylperhydro-1,3,2-diazaphosphorine (BEMP), salts was
less stable than this relationship would predict; however, this
instability might be from the steric hindrance around the
protonated nitrogen atom (Figures S12 and S13).
While it is clear that the ΔpKa has an important role in

determining the thermal stability of the resulting organic salt,
we were also interested to understand how this parameter
influenced the catalyzed step-growth polymerization of BHET
to produce PET because BHET is a commonly encountered
monomer for closed-loop chemical recycling of PET (Scheme
1). The polymerization was conducted at 270 °C with stirring

for 1 h under a nitrogen atmosphere to avoid unwanted
oxidation as oligomers formed.42 Then, at the same temper-
ature, vacuum was applied for 4 h to eliminate the ethylene
glycol byproduct, which further increased monomer/oligomer
conversion and the overall polymer molecular weight.43

The resulting polymers were analyzed by 1H NMR
spectroscopy to determine molecular weight by end-group
analysis and assess the presence of diethylene glycol (DEG)
defects in the polyester backbone that can result from BHET
dimerization. Beyond the presence of ether linkages, no
additional in-chain defects were detected in the synthesized
PET samples. However, DEG defects within PET can cause a
decrease in the glass transition temperature, melting temper-
ature, and crystallinity of the sample which subsequently
impacts hydrolytic and thermo-oxidative stability.44 Therefore,
it is desirable to identify catalysts that do not promote the
formation of ether linkages within the polymer. Notably, the
spectra were collected within 2 h after dissolving the PET

because esterification reactions between the hydroxyl end
groups in PET and trifluoroacetic acid (added to increase
polymer solubility45) have been reported at ambient temper-
ature.46

All acid−base combinations, except for the combinations of
TBD:weak acids, led to high number-average molecular weight
(Mn > 15 kg mol−1) PET polymers, which are comparable to
typical commercial PET samples (Figure S14 and Table S1).47

However, the relationship between Mn and ΔpKa reveals no
clear trend. Notably, insoluble black solids were obtained for
reactions that employed TBD salts featuring weak acids. This is
consistent with observations for PET produced using just TBD
and hence may be explained by the presence of unbound TBD
from the less-stable salts.36 Conversely, all TBD salts generally
led to low levels of DEG incorporation into the isolated PET
(Figure S15). A clearer relationship was observed between the
level of DEG unit formation and ΔpKa (Figure 3). The salts

containing MSA, which is a strong acid with a low pKa value,
led to higher levels of dimerization as ΔpKa decreased (Figure
3). Organic salts exist in equilibria of a conjugate pair, and the
individual acid and base. As a function of energetic barrier, the
salts with lower ΔpKa values are more likely to exist in
equilibrium such that low levels of strong free acid could be
present in the system and catalyze dimerization.
To gain a deeper understanding of this observation, a wider

range of acid:base salts were applied in the synthesis of PET
from BHET at 270 °C. Specifically, BA and DMAP was
investigated as a weak acid/base combination to provide a low
ΔpKa value salt with a weak acid conjugate. The DMAP:BA
salt led to low dimerization (1.4 mol %). Investigation of a
wider range of DMAP-based salts revealed that those with
higher ΔpKa values led to higher dimerization despite higher
ΔpKa values (Figure 3). This supports the hypothesis that a
small amount of strong acid, existing in equilibria, likely
promotes dimerization reactions. As such, it can be concluded
that the use of the most stable salts which do not release strong
acids, or the use of weak acids, is important to inhibit the
ether-forming side reaction.
The relationships between polymerization reaction times

and Mn and polymerization reaction times and degrees of
dimerization have also been investigated to understand how
the reactions proceed. The TBD:MSA salt and the TBD:TfOH
salt were employed in the polymerization experiments, and it
was revealed that when the polymerization is conducted under
N2 flow, an increase in DEG units within the polymer

Scheme 1. Polymerization of BHET Using a Salt Catalyst

Figure 3. Amount of diethylene glycol units as a function of ΔpKa
values for various organic salts of either MSA/base or DMAP/acid.
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backbone is only observed during the first hour of reaction
time. As may be expected, when the polymerization is
subsequently placed under vacuum, the most significant
increases in polymer Mn occur (see Figure S15). These
observations are consistent with EG buildup from oligomer
formation before pressure reduction to achieve higher
molecular weight polymers. Upon removal of the EG under
vacuum, the likelihood of dimer formation is reduced. This is
consistent with the reported kinetic studies of diethylene glycol
formation in the preparation of PET.48−51

As a final aspect of the study, we investigated how the
catalysts studied influenced the color of the final polymers.
Polymer colors were quantified with the International
Commission on Illumination (CIE) L*a*b* color space
system52 by calculation using UV−vis spectra of polymer
solutions, in which L* indicates the lightness of the sample (L*
= 100, white; L* = 0, black), a* represents the red-green axis
(positive, red; negative, green), and b* represents the yellow-
blue axis (positive, yellow; negative, blue). No obvious trends
with L* and a* values were observed because of the low
concentrations of the polymer solutions and the type of the
colors (yellow-brown), respectively. However, a weak
correlation between the salt stability and b* values was
observed such that less thermally stable salts, as determined in
distinct TGA experiments, produced PET samples with higher
b* values, indicative of yellow discoloration (Figure 4). In

addition to this trend, the polymer color was whitish (b* =
0.3) when only MSA was employed as a catalyst. This indicates
that the origin of the discoloration may be a result of base
decomposition. Salts with 0 wt % remaining percentages of
catalyst were so unstable that an acid and a base may have been
volatilized and did not significantly affect polymer colors. It
was assumed that the use of stable salts is important to inhibit
the discoloration.
While organic catalysts can typically be readily removed

from polymer products by washing, it adds a process step to
the polymer synthesis, and as such, on large scales, catalysts are
typically left in polymers after the reaction is complete. Given
the high thermal stability of the TBD:p-toluenesulfonic acid
(TSA) catalyst (2.5% weight loss for 5 h at 270 °C) and the
previous application of comparable organic salt catalysts for
depolymerization of PET, we postulated that catalyst
remaining after the PET synthesis could be reactivated for
depolymerization. To this end, following polymerization of
BHET with 5 mol % TBD:p-TSA salt, the resultant polymer
was depolymerized at 180 °C by the addition of EG (20
equiv), without any purification or catalyst addition (Figure 5).
The depolymerization temperature was fixed at 180 °C
because this is near the boiling point of EG, and previous
studies have shown a dramatic decrease in reaction rates at
lower temperatures.53,54 The PET was fully depolymerized
(100% conversion) in 24.5 h, as indicated by the reaction
mixture becoming homogeneous since the PET sample is
insoluble. No remaining PET was recovered after filtration of
the reaction mixture. The depolymerization reaction yielded
56.7% of isolated BHET, most likely below conversion because
of poor recovery through precipitation with added water. The
depolymerization reaction rate was comparable to the reaction
of PET flakes with TBD:MSA salt addition as reported
previously (BHET yield was 27% after 12 h reaction with 12
mol % of TBD:MSA salt and 20 equiv of EG at 180 °C).20
This means that the catalyst inside the polymer mixture was
active under the depolymerization reaction conditions even
after the harsh polymerization reaction. The feasibility of
simple closed-loop recycling of PET with this organocatalysis
system was thus demonstrated.

■ CONCLUSION
A series of organic acid−base salts were synthesized to act as
catalysts in the polymerization of BHET to PET at 270 °C
under reduced pressure. The ΔpKa value between acid and
base components of the salt was found to play an important
role in the thermal stability such that the salts with higher

Figure 4. Colorimetric b* values for synthesized PET as a function of
catalyst thermal stability. Inset highlights PET color using catalysts
that fully decomposed. The remaining percentage of the catalyst was
determined in separate TGA experiments (isothermal heating of
catalysts at 270 °C).

Figure 5. Simple closed-loop recycling of PET with the organocatalysis system, with 1H NMR spectra of the PET and the BHET produced within
the polymerization/depolymerization cycle (400 MHz, 398 K, DMSO-d6).
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ΔpKa values displayed a higher stability, most likely as a
consequence of the stronger acid−base interactions. All of the
investigated acid−base salts, with the exception of TBD:weak
acid salts, were active for BHET polymerization and led to high
Mn (≥15 kg mol−1) PET polymers. The results indicated that
the properties of the produced PET were significantly
influenced by the thermal stability of the salts. Ether linkages
in the PET were formed by a dimerization side reaction taking
place as a result of dissociated strong acid, with polymer
discoloration resulting from dissociated bases. It was revealed
that the use of stable salts is important, and the combinations
of strong acids and strong bases as exemplified by TBD salts
with high ΔpKa values (≥16.9) were the best among the
investigated salts in terms of both the side reaction and the
discoloration. A polymerization−depolymerization cycle was
also investigated with the most stable TBD:p-TSA salt and
showed that organic salts left in the polymer after polymer-
ization could be applied to depolymerize the PET back to
BHET at 180 °C without any purification or catalyst addition,
only the addition of EG. The feasibility of simple closed-loop
recycling of PET with this organocatalysis system was
demonstrated.

■ EXPERIMENTAL SECTION
Materials. 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD, ≥98%), 7-

methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD, ≥98%), 1,1,3,3-
tetramethylguanidine (TMG, ≥99%), 4-(dimethylamino)pyridine
(DMAP, ≥98%), 1,4-diazabicyclo[2.2.2]octane (DABCO, ≥99%),
1-methylimidazole (NMI, ≥99%), N,N-dimethylaniline (DMA,
≥99%), trifluoromethanesulfonic acid (TfOH, ≥98%), benzenesul-
fonic acid (BSA, ≥98%), methanesulfonic acid (MSA, ≥99%),
terephthalic acid (TPA, ≥98%), benzoic acid (BA, ≥99.5%),
tetrabutylammonium benzoate (Bu4N:BA, ≥99%), and bis(2-
hydroxyethyl) terephthalate (BHET, ≥94.5%) were purchased from
Sigma-Aldrich. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU, ≥99%),
quinuclidine (ABCO, ≥97%), p-toluenesulfonic acid monohydrate (p-
TSA monohydrate, ≥98%), trifluoroacetic acid (TFA, ≥99%), and
diphenyl phosphate (DPP, ≥97%) were purchased from Alfa Aesar. 2-
tert-Butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diaza-
phosphorine (BEMP, ≥98%) and ethylene glycol (EG, ≥98.5%) were
purchased from ACROS Organics. All chemicals except for DBU were
used without further purification. DBU was purified by distillation
under vacuum using a Kugelrohr (80 °C, 10−2 mbar). Acetone,
chloroform, ethanol, diethyl ether, dichloromethane, tetrahydrofuran
(THF), and N-methyl-2-pyrrolidone (NMP) were of ACS grade or
higher. NMP was purified by distillation under vacuum using a
Schlenk line.
Instrumentation. NMR 1H (400 MHz), 13C (101 MHz), 19F

(376 MHz), and 31P (162 MHz) spectra were recorded on a Bruker
spectrometer. The 31P NMR spectra were referenced to an external
standard (85% H3PO4). The 19F NMR spectra were referenced to an
external standard (CF3COOH). Organic salts were dissolved in
DMSO-d6 or CDCl3, and chemical shifts were referenced to DMSO-
d6 (2.5 ppm in 1H NMR and 39.9 ppm in 13C NMR) or CDCl3 (7.26
ppm in 1H NMR and 77.0 ppm in 13C NMR). Polymers were
dissolved either in a mixture of CDCl3 and trifluoroacetic acid (TFA)
(8:1, v/v), with chemical shifts referenced to CDCl3, or in DMSO-d6
at 100 °C. The spectra of polymers were collected within 2 h after
dissolving the polymer. Thermogravimetric analysis (TGA) was
performed by a TA Instruments TGA Q550 under a nitrogen
atmosphere. Weight loss as a function of temperature was examined
under the programmed heating condition from room temperature to
500 °C at a rate of 10 °C min−1. Weight loss as a function of time was
examined under the programmed heating condition from room
temperature to 270 °C at a rate of 10 °C min−1 followed by the
isothermal heating condition at 270 °C for 5 h. Mass spectrometry
was performed on a Waters Xevo G2-XS, a Waters LCT, or a Waters

SQD 2. FT-IR spectra were recorded on an Agilent Cary 630 FTIR
spectrometer using the ATR technique. Spectra were recorded
between 4000 and 650 cm−1, and all spectra were averaged over 32
scans. Elemental analysis in the presence of oxygen was performed
with a CE Instruments EA1110 elemental analyzer following in vacuo
drying to remove any solvent or water impurities. UV−vis
spectroscopy was performed on Evolution 350 UV−vis spectropho-
tometer equipped with a xenon flash lamp light source and a dual
matched silicon photodiodes detector. Quartz cells (170−2000 nm)
from Hellma with two polished sides were used for examining the
absorption spectral data by using Thermo INSIGHT-2 v.10.0.30319.1
software. Colorimetry analyses were performed using an Evolution
350 UV−vis spectrophotometer. All samples were prepared at
concentrations of 5 mg mL−1 using a mixture solvent of
chloroform:trifluoroacetic acid (8:1).
Molecular Weights and Diethylene Glycol (DEG) Content

Determination. Number-average molecular weights and amounts of
DEG unit were analyzed by 1H NMR spectroscopy based on the
ratios of protons of the oxyethylene unit (δ = 4.77 ppm) to the
hydroxyethyl (δ = 4.17 ppm), and protons of the oxyethylene unit to
the oxidiethylene methylenes (δ = 4.08 ppm) in a CDCl3/TFA (8/1)
mixture.44

Colorimetry Analysis. The International Commission on
Illumination (CIE) L*a*b* color space system was used to evaluate
the color of the synthesized polymers. L* indicates the lightness of the
sample (L* = 100, white; L* = 0, black). a* represents the red-green
axis (positive values indicate red, negative values indicate green). b*
represents the yellow-blue axis (positive values indicate yellow,
negative values indicate blue). Values were calculated under the
condition of a standard illuminant D65 light source at 2°, using the
following equations. Xn, Yn, and Zn values in Table T3, S(λ) values in
Table T1, and x̅(λ), y̅(λ), and z(̅λ) values in Table T4 were used for
the calculation as outlined below:52

L f Y Y116 ( / ) 16n* =

a f X X f Y Y500 ( / ) ( / )n n* = [ ]

b f Y Y f Z Z200 ( / ) ( / )n n* = [ ]

where

f X X X X X X( / ) ( / ) if ( / ) (24/116)n n n
1/3 3= >

f X X X X( / ) (841/108)( / ) 16/116n n= +

X Xif ( / ) (24/116)n
3

and

f Y Y Y Y Y Y( / ) ( / ) if ( / ) (24/116)n n n
1/3 3= >

f Y Y Y Y( / ) (841/108)( / ) 16/116n n= +

Y Yif ( / ) (24/116)n
3

and

f Z Z Z Z Z Z( / ) ( / ) if ( / ) (24/116)n n n
1/3 3= >

f Z Z Z Z Z Z( / ) (841/108)( / ) 16/116 if ( / ) (24/116)n n n
3= +

X K S x T( ) ( ) ( )
380

780

=

Y K S y T( ) ( ) ( )
380

780

=

Z K S z T( ) ( ) ( )
380

780

=
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K S y100/ ( ) ( )
380

780

=

where X, Y, and Z are tristimulus values. Xn, Yn, and Zn are tristimulus
values of a specified white color stimulus. K is the normalizing
constant. S(λ) is the relative spectral power distribution of the
illuminant at wavelength λ, x̅(λ), y̅(λ), and z(̅λ) are color-matching
function values of a standard colorimetric observed at wavelength λ.
T(λ) is the spectral transmittance wavelength λ (T(λ) was employed
instead of spectral reflectance R(λ) which is normally used, in this
case of solution measurement), and Δλ is the wavelength interval for
calculation (5 nm in this case).
Synthesis and Characterization of Organic Salts. TBD:TfOH

(1:1) Salt. Acetone (5 mL), TBD (0.696 g, 5 mmol), and TfOH
(0.750 g, 0.442 mL, 5 mmol) were mixed in a Schlenk flask. The
mixture was cooled in the refrigerator, but solids were not formed.
The solution was precipitated in diethyl ether (50 mL), and the
subsequent solids were collected. The solids were dissolved in acetone
(2 mL) and heated in a Schlenk flask at 65 °C under N2 for 30 min.
The mixture was cooled in the refrigerator, but solids were not
formed. The solid was precipitated in diethyl ether (30 mL), filtered,
washed with diethyl ether, and dried under vacuum at room
temperature overnight (0.576 g, 40%). 1H (400 MHz; 298 K;
DMSO-d6): δ (ppm) 7.39 (br s, 2H, NH), 3.28 (t, 4H, 3JH−H = 5.9
Hz, CH2CH2NH), 3.18 (t, 4H, 3JH−H = 5.9 Hz, NCH2CH2), 1.87
(quin, 4H, 3JH−H = 5.9 Hz, CH2CH2CH2). 13C: δ (ppm) 150.54
(NC(N)N), 120.68 (quin, CF3), 46.27 (CH2CH2N), 37.61
(CH2CH2NH), 20.25 (CH2CH2CH2). MS (ESI): m/z 140.13
(TBDH+), 148.97 (TfO−). FT-IR (ATR): max/cm−1 3304, 3234,
3163 (NH, OH), 3040 and 2984 (CH2), 2880 (N+−H), 1624 (C�
N), 1524 (NH), 1446, 1382, 1356, 1319, 1274, 1222, 1147, 1061, and
1021 (SO2, CF3). Anal. Calcd for C8H14F3N3O3S: C 33.2; H 4.9; N
14.5; S 11.1%. Found: C 33.4; H 4.7; N 14.5; S 11.3%.

TBD:BSA (1:1) Salt. Acetone (20 mL), TBD (0.696 g, 5 mmol),
and BSA (0.791 g, 5 mmol) were mixed and heated at 65−70 °C
under N2 for 1 h, but the resultant solid was not soluble. The mixture
was then cooled in the refrigerator, and the solid was collected. The
solid was further treated by adding acetone (100 mL) and heating in a
round-bottom flask at 65−70 °C under N2 for 1 h to form a
transparent and homogeneous solution. The mixture was then
recrystallized in the refrigerator. Crystals were collected, washed
with acetone, and dried under vacuum at room temperature overnight
(0.803 g, 54%). 1H (400 MHz; 298 K; DMSO-d6): δ (ppm) 7.61 (m,
2H, SCCH), 7.49 (br s, 2H, NH), 7.33 (m, 3H, CCHCHCH), 3.26
(t, 4H, 3JH−H = 6.0 Hz, CH2CH2NH), 3.17 (m, 4H, NCH2CH2), 1.86
(quin, 4H, 3JH−H = 5.9 Hz, CH2CH2CH2). 13C: δ (ppm) 150.54
(NC(N)N), 148.10 (SCCH), 128.51 (CCHCHCH), 127.68
(CCHCHCH), 125.44 (CCHCHCH), 46.23 (NCH2CH2), 37.57
(CH2CH2NH), 20.24 (CH2CH2CH2). MS (ESI): m/z 140.13
(TBDH+), 157.10 (BSA−). FT-IR (ATR): max/cm−1 3275, 3211,
and 3159 (NH, OH), 3051 and 2977 (CH2), 2872 (N+−H), 1628
(C�N), 1535 (C�C), 1472, 1438, 1364, 1319, 1293, 1207, 1170,
1170, 1118, 1062, and 1025 (SO2). Anal. Calcd for C13H19N3O3S: C
52.5; H 6.4; N 14.1%. Found: C 52.5; H 6.7; N 14.0%.

TBD:MSA (1:1) Salt. TBD:MSA (1:1) salt was synthesized as
reported previously.20 Acetone (90 mL), TBD (2.00 g, 14.3 mmol),
and MSA (1.38 g, 0.932 mL, 14.3 mmol) were mixed in a Schlenk
flask at 65−70 °C under N2. The mixture was heated for 30 min to
form a transparent and homogeneous solution. The mixture was then
recrystallized in the refrigerator. Crystals were collected and washed
with acetone. The crystals were further treated by adding acetone (80
mL) and heating in a Schlenk flask at 65−70 °C under N2 for 30 min
to form a transparent and homogeneous solution. The mixture was
then recrystallized in the refrigerator. Crystals were collected, washed
with acetone, and dried under vacuum at room temperature overnight
(1.86 g, 55%). Characterization is consistent with that reported
previously.201H (400 MHz; 298 K; DMSO-d6): δ (ppm) 7.58 (s, 2H,
NH), 3.27 (t, 4H, 3JH−H = 5.9 Hz, NHCH2CH2), 3.17 (t, 4H, 3JH−H =
5.9 Hz, NCH2CH2), 2.34 (s, 3H, CH3), 1.87 (quin, 4H, 3JH−H = 5.9
Hz, CH2CH2CH2). 13C: δ (ppm) 150.58 (NC(N)N), 46.23

(CH2CH2N), 39.74 (CH3), 37.52 (CH2CH2NH), 20.26
(CH2CH2CH2).

TBD:p-TSA (1:1) Salt. TBD (0.696 g, 5 mmol) was dissolved in
acetone (15 mL). p-TSA monohydrate (0.951 g, 5 mmol) was
dissolved in acetone (5 mL). These solutions were mixed and heated
at 65−70 °C under N2 for 30 min in a Schlenk flask. The mixture was
cooled in the refrigerator but solids were not formed. Solids were
precipitated in diethyl ether (60 mL), filtered, and dried under
vacuum at room temperature overnight. The solid was further treated
by adding acetone (10 mL) and heating in a Schlenk flask at 65−70
°C under N2 for 30 min to form a transparent and homogeneous
solution. The mixture was then recrystallized in the refrigerator.
Crystals were collected and dried under vacuum at room temperature
overnight (0.830 g, 53%). 1H (400 MHz; 298 K; DMSO-d6): δ
(ppm) 7.51−7.49 (m, 4H, 3JH−H = 7.9 Hz, SCCHCH, NH), 7.13 (m,
2H, 3JH−H = 7.9 Hz, CHCHCCH3), 3.26 (t, 4H, 3JH−H = 5.9 Hz,
CH2CH2NH), 3.17 (t, 4H, 3JH−H = 5.9 Hz, NCH2CH2), 2.29 (s, 3H,
CH3), 1.86 (quin., 4H, 3JH−H = 5.9 Hz, CH2CH2CH2). 13C: δ (ppm)
150.55 (NC(N)N), 145.40 (CHCCH3), 137.82 (SCCH), 128.13
(CHCHCCH3), 125.48 (SCCHCH), 46.23 (NCH2CH2), 37.57
(CH2CH2NH), 20.78 (CH2CH2CH2), 20.24 (CH3). MS (ESI): m/
z 140.20 (TBDH+), 171.07 (p-TSA−). FT-IR (ATR): max/cm−1

3275, 3211, and 3156 (NH, OH), 3051, 3010, 2973, 2951, and 2947
(CH2), 2865 (N+−H), 1628 (C�N), 1539 and 1490 (C�C), 1438
1393, 1360, 1319, 1218, 1151, and 1114 (SO2). Anal. Calcd for
C14H21N3O3S: C 54.0; H 6.8; N 13.5; S 10.3%. Found: C 54.0; H 6.6;
N 13.7; S 10.1%.

TBD:TFA (1:1) Salt. TBD:TFA (1:1) salt was synthesized as
reported previously.55−57 TBD (0.696 g, 5 mmol) was dissolved in
acetone (15 mL). TFA (0.570 g, 0.383 mL, 5 mmol) was added. The
mixture was mixed and heated at 65−70 °C under N2 for 30 min in a
Schlenk flask. The mixture was cooled in the refrigerator, but a solid
was not formed. The solid was precipitated in diethyl ether (50 mL)
and collected. The solid was dissolved in acetone (5 mL) and heated
in a Schlenk flask at 50 °C under N2 for 30 min. The solid was
precipitated in diethyl ether (20 mL), filtered, and dried under
vacuum at room temperature overnight (0.410 g, 32%). Character-
ization is consistent with that reported previously.55−571H (400 MHz;
298 K; DMSO-d6): δ (ppm) 7.99 (br s, 2H, NH), 3.27 (t, 4H, 3JH−H
= 5.9 Hz, CH2CH2NH), 3.18 (t, 4H, 3JH−H = 5.9 Hz, NCH2CH2),
1.87 (quin, 4H, 3JH−H = 7.9 Hz, CH2CH2CH2). 13C: δ (ppm) 159.02
(m, CF3CO2), 150.79 (NC(N)N), 117.06 (q, CF3), 46.21
(NCH2CH2), 37.47 (CH2CH2NH), 20.29 (CH2CH2CH2).

TBD:DPP (1:1) Salt. Acetone (10 mL), TBD (0.696 g, 5 mmol),
and DPP (1.25 g, 5 mmol) were mixed and heated at 65−70 °C under
N2 for 30 min in a Schlenk flask to form a transparent and
homogeneous solution. The mixture was then recrystallized in the
refrigerator, and the crystals were collected. The crystals were further
treated by adding acetone (7 mL) and heating in a Schlenk flask at
65−70 °C under N2 for 30 min to form a transparent and
homogeneous solution. The mixture was then recrystallized in the
refrigerator. These crystals were collected and dried under vacuum at
room temperature overnight (1.18 g, 60%). 1H (400 MHz; 298 K;
DMSO-d6): δ (ppm) 8.12 (s, 2H, NH), 7.24 (t, 4H, 3JH−H = 7.4 Hz,
CCHCHCH), 7.13 (d, 4H, 3JH−H = 7.4 Hz, CCHCH), 6.99 (t, 2H,
3JH−H = 7.4 Hz, CCHCHCH), 3.24 (t, 4H, 3JH−H = 6.0 Hz,
CH2CH2NH), 3.12 (m, 4H, NCH2CH2), 1.84 (quin, 4H, 3JH−H = 5.4
Hz, CH2CH2CH2). 13C: δ (ppm) 153.49 (d, NC(N)N), 150.59
(CH2C(O)CH2), 128.93 (CCHCHCH), 122.16 (CCHCHCH),
119.81 (d, OCCHCH), 46.19 (CH2CH2N), 37.45 (CH2CH2NH),
20.26 (CH2CH2CH2). MS (ESI): m/z 140.20 (TBDH+), 249.14
(DPP−). FT-IR (ATR): max/cm−1 3271, 3197, 3125 (NH, OH),
3051 (CH), 2966 and 2936 (CH2), 2858 (N+−H), 1636 (C�N),
1583 and 1550 (C�C), 1487, 1438, 1397, and 1364 (CH2), 1319
and 1297 (P�O), 1229, 1203, and 1196 (PO−Aryl). Anal. Calcd for
C19H24N3O4P: C 58.6; H 6.2; N 10.8%. Found: C 58.7; H 6.2; N
10.9%.

TBD:BA (1:1) Salt. TBD:BA (1:1) salt was synthesized as reported
previously.58 Acetone (7 mL), TBD (0.696 g, 5 mmol), and BA (BA)
(0.611 g, 5 mmol) were mixed and heated at 65−70 °C under N2 for
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30 min in a Schlenk flask to form a transparent and homogeneous
solution. The mixture was then recrystallized in the refrigerator, and
the crystals were collected. The crystals were further treated by adding
acetone (3 mL) and heating in a Schlenk flask at 65−70 °C under N2
for 30 min to form a transparent and homogeneous solution. The
mixture was cooled in the refrigerator, but only a small amount of
crystals was formed. The solution was precipitated in diethyl ether (30
mL), and the subsequent solids were filtered, washed with diethyl
ether, and dried under vacuum at room temperature overnight (0.475
g, 36%). Characterization is consistent with that reported
previously.51H (400 MHz; 298 K; DMSO-d6): δ (ppm) 10.93 (s,
2H, NH), 7.87 (dd, 2H, 3JH−H = 8.2 Hz CCHCH), 7.38−7.28 (m,
3H, CCHCHCH), 3.26 (t, 4H, 3JH−H = 5.8 Hz, CH2CH2NH), 3.20
(t, 4H, 3JH−H = 5.8 Hz, NCH2CH2), 1.89 (quin., 4H, 3JH−H = 5.8 Hz,
CH2CH2CH2). 13C: δ (ppm) 171.41 (COOH), 151.42 (NC(N)N),
138.78 (CCHCHCH), 129.38 (CCOOH), 128.95 (CCHCH), 127.34
(CCHCH), 46.08 (NCH2CH2), 37.16 (CH2CH2NH), 20.54
(CH2CH2CH2).

MTBD:MSA (1:1) Salt. MTBD (0.766 g, 0.718 mL, 5 mmol), MSA
(0.481 g, 0.324 mL, 5 mmol), and acetone (7 mL) were mixed in a
Schlenk flask. A white solid was formed. Acetone (23 mL) was added,
and the mixture was heated at 65−70 °C under N2 for 30 min to form
a transparent and homogeneous solution. The mixture was then
recrystallized in the refrigerator, and the crystals were collected. The
crystals were further treated by adding acetone (20 mL) and heating
in a Schlenk flask at 65−70 °C under N2 for 30 min to form a
transparent and homogeneous solution. The mixture was then
recrystallized again in the refrigerator. Crystals were collected and
dried under vacuum at room temperature overnight (0.622 g, 50%).
1H (400 MHz; 298 K; DMSO-d6): δ (ppm) 7.69 (s, 1H, NH), 3.27
(m, 8H, CH2NCH2, CH2CH2NCH3, CH2CH2NH), 2.92 (s, 3H,
NH3), 2.31 (s, 3H, SCH3), 1.89 (m, 4H, CH2CH2CH2). 13C: δ (ppm)
150.72 (NHC(N)NCH3), 47.54 (CH2CH2NCH3), 47.02
(NCH2CH2), 46.53 (NCH2CH2), 39.73 (SCH3), 38.38
(CH2CH2NH), 37.02 (NCH3), 20.40 (CH2CH2CH2), 20.24
(CH2CH2CH2). MS (ESI): m/z 154.17 (MTBDH+), 95.02
(MSA−). FT-IR (ATR): max/cm−1 3219, 3170 (NH, OH), 3081,
2988, and 2939 (CH3, CH2), 2876 (N+−H), 1591 (C�N), 1501,
1464, 1441, 1408, 1371, 1323, 1267, 1207, 1155, and 1106 (SO2).
Anal. Calcd for C9H19N3O3S: C 43.4; H 7.7; N 16.85; S 12.9%.
Found: C 43.4; H 8.0; N 16.95; S 13.0%.

TMG:TfOH (1:1) Salt. TMG:TfOH (1:1) salt was synthesized as
reported previously.59−61 Diethyl ether (6 mL) was added to a
Schlenk flask. TfOH (0.750 g, 0.442 mL, 5 mmol) was added
dropwise to diethyl ether in an ice bath under N2 flow. TMG (0.576
g, 0.627 mL, 5 mmol) was added dropwise with stirring in the same
ice bath forming a two-layer solution. The lower layer was collected
and dried under vacuum at room temperature overnight and then at
45 °C for 3 h (1.12 g, 84%). Characterization is consistent with that
reported previously.59−611H (400 MHz; 298 K; DMSO-d6): δ (ppm)
7.72 (br s, 2H, NH2), 2.88 (s, 12H, CH3). 13C: δ (ppm) 161.06
(NC(N)N), 120.68 (q, CF3), 39.34 (CH3).

DBU:TfOH (1:1) Salt. DBU:TfOH (1:1) salt was synthesized as
reported previously.62 TfOH (0.470 mL, 5.3 mmol) was added to a
Schlenk flask under N2 flow in an ice bath. Distilled DBU (0.767 mL,
5.1 mmol) was added into TfOH. The mixture was dried under
vacuum with stirring at room temperature overnight and then at 80
°C for 24 h. The yield could not be calculated reliably due to the
difficulty to remove the product from reaction glassware. Character-
ization is consistent with that reported previously.621H (400 MHz;
298 K; CDCl3): δ (ppm) 9.18 (br s, 1H, NH), 3.47 (m, 4H,
NCH2CH2CH2CH2, NHCH2), 3.37 (m, 2H, NCH2CH2CH2NH),
2.70 (m, 2H, CH2C(N)NH), 2.00 (quin., 2H, 3JH−H = 11.7 Hz,
NCH2CH2CH2NH), 1.77−1.63 (m, 6H, NCH2CH2CH2CH2). 13C: δ
(ppm) 166.39 (CH2C(N)NH), 120.54 (q, CF3), 54.69 (NCH2CH2-
CH2NH), 48.70 (NCH2CH2CH2CH2), 38.29 (NHCH2), 32.92
(CH2C(N)NH), 28.90 (NCH2CH2CH2NH), 26.58 (NCH2CH2-
CH2CH2), 23.79 (NCH2CH2CH2CH2), 19.36(NCH2CH2CH2CH2).

ABCO:MSA (1:1) Salt. ABCO:MSA (1:1) salt was synthesized as
reported previously.63 ABCO (0.111 g, 1.0 mmol), acetone (23 mL),

and MSA (96.1 mg, 64.9 μL, 1.0 mmol) were mixed in a Schlenk flask.
The mixture was heated at 65−70 °C under N2 for 30 min to form a
transparent and homogeneous solution. The mixture was then
recrystallized in the refrigerator. Crystals were collected, washed
with acetone, and dried under vacuum at room temperature overnight
(0.089 g, 43%). Characterization is consistent with that reported
previously.631H (400 MHz; 298 K; DMSO-d6): δ (ppm) 9.18 (br s,
1H, NH), 3.21 (m, 6H, CH2CH2NH), 2.34 (s, 3H, CH3), 2.01 (m,
1H, CH3CH(CH3)CH3), 1.78 (m, 6H, CHCH2CH2). 13C: δ (ppm)
45.69 (CH2CH2NH), 39.73 (CH3CH(CH3)CH3), 22.39
(CHCH2CH2), 18.74 (CH3).

DMAP:TfOH (1:1) Salt. DMAP:TfOH (1:1) salt was synthesized as
reported previously.64 Acetone (5 mL), DMAP (0.611 g, 5 mmol),
and TfOH (0.750 g, 0.442 mL, 5 mmol) were mixed and heated at
65−70 °C under N2 for 10 min in a Schlenk flask to form a
transparent and homogeneous solution. The mixture was then
recrystallized in the refrigerator, and the crystals were collected.
The crystals were further treated by adding acetone (4 mL) and
heating in a Schlenk flask at 45 °C under N2 for 30 min to form a
transparent and homogeneous solution. The mixture was then
recrystallized again in the refrigerator. These crystals were collected
and dried under vacuum at room temperature overnight (0.5191 g,
38%). Characterization is consistent with that reported previous-
ly.641H (400 MHz; 298 K; DMSO-d6): δ (ppm) 13.35 (br s, 1H,
NH), 8.20 (dd, 2H, 3JH−H = 7.6 Hz, CHCHNH), 6.98 (dd, 2H, 3JH−H
= 7.6 Hz, CCHCH), 3.18 (s, 6H, NCH3). 13C: δ (ppm) 156.97
(CH3NCCH), 139.15 (CHCHN), 120.69 (q, CF3), 106.95
(CCHCH), 39.63 (NCH3).

DMAP:BSA (1:1) Salt. Acetone (25 mL), DMAP (0.611 g, 5
mmol), and BSA (0.791 g, 5 mmol) were mixed and heated at 65−70
°C under N2 for 1 h, but the resultant solid was not soluble. The
mixture was then cooled in the refrigerator, and the solid was
collected. The solid was further treated by adding acetone (80 mL)
and heating in a round-bottom flask at 65−70 °C under N2 for 30 min
to form a transparent and homogeneous solution. The mixture was
then recrystallized in the refrigerator. Crystals were collected, washed
with acetone, and dried under vacuum at room temperature overnight
(0.849 g, 61%). 1H (400 MHz; 298 K; DMSO-d6): δ (ppm) 13.19 (br
s, 1H, NH), 8.21 (d, 2H, 3JH−H = 7.7 Hz, CHCHNH), 7.61 (m, 2H,
SCCH), 7.31 (m, 3H, CCHCHCH), 6.98 (d, 3JH−H = 7.7 Hz,
CHCHNH), 3.17 (s, 6H, CH3). 13C: δ (ppm) 156.94 (CH3NCCH),
148.27 (CHCHNH), 139.11 (SCCH), 128.42 (CCHCHCH), 127.65
(CCHCHCH), 125.48 (CHCHNH), 106.96 (CCHCHCH), 39.62
(CH3). MS (ESI): m/z 123.10 (DMAPH+), 157.03 (BSA−). FT-IR
(ATR): max/cm−1 3211 (NH or OH), 3048 (CH), 2906 (CH2),
2768 (NCH3), 2682 (N+−H), 1639, 1602, 1557 (C�C), 1472, 1442,
1397, 1211, 1207, 1162, 1118, 1066, and 1028 (SO2). Anal. Calcd for
C13H16N2O3S: C 55.7; H 5.75; N 10.0; S 11.4%. Found: C 55.8; H
5.74; N 10.25; S 11.4%.

DMAP:MSA (1:1) Salt. DMAP:MSA (1:1) salt was synthesized as
reported previously.26,64 DMAP (2.00 g, 16.4 mmol), acetone (60
mL), and MSA (1.57 g, 1.06 mL, 16.4 mmol) were mixed in a Schlenk
flask at 65−70 °C under N2 for 1 h, but the resultant solid was not
soluble. The mixture was cooled to room temperature, and the solid
was collected and washed with acetone. The crystals were further
treated by adding acetone (220 mL) and heating in a Schlenk flask at
65−70 °C under N2 for 1.5 h, but the solid was still insoluble. The
mixture was then cooled in the refrigerator. The solid was collected,
washed with acetone, and dried under vacuum at room temperature
overnight (2.39 g, 67%). Characterization is consistent with that
reported previously.26,641H (400 MHz; 298 K; DMSO-d6): δ (ppm)
13.18 (br s, 1H, NH), 8.22 (dd, 2H, 3JH−H = 7.6 Hz, CHCHNH),
6.98 (dd, 2H, 3JH−H = 7.6 Hz, CCHCH), 3.18 (s, 6H, NCH3), 2.30 (s,
3H, SCH3). 13C: δ (ppm) 156.96 (CH3NCCH), 139.15
(CHCHNH), 106.98 (CCHCH), 39.77 (NCH3), 39.63 (SCH3).

DMAP:p-TSA (1:1) Salt. DMAP:p-TSA (1:1) salt was synthesized
as reported previously.65−67 Acetone (20 mL), DMAP (0.611 g, 5
mmol), and p-TSA monohydrate (0.951 g, 5 mmol) were mixed and
heated at 65−70 °C under N2 for 30 min, but the resultant solid was
not soluble. The mixture was then cooled in the refrigerator, and the
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solid was collected. The solid was further treated by adding acetone
(100 mL) and heating in a Schlenk flask at 65−70 °C under N2 for 30
min, but the solid was not soluble. The mixture was then cooled in the
refrigerator. The solid was collected and dried under vacuum at room
temperature overnight (1.18 g, 80%). Characterization is consistent
with that reported previously.65−671H (400 MHz; 298 K; DMSO-d6):
δ (ppm) 13.21 (br s, 1H, NH), 8.21 (d, 2H, 3JH−H = 7.8 Hz,
CHCHNH), 7.50 (d, 2H, 3JH−H = 7.8 Hz, NCCHCH), 7.11 (d, 2H,
3JH−H = 7.9 Hz, SCCHCH), 6.97 (d, 2H, 3JH−H = 7.9 Hz,
CHCHCCH3), 3.17 (s, 6H, NCH3), 2.28 (s, 3H, SCH3). 13C: δ
(ppm) 156.93 (CH3NCCH), 145.59 (CHCCH3), 139.11 (CHCHN),
137.70 (SCCH), 128.09 (CHCHCCH3), 125.48 (SCCHCH), 106.96
(CCHCH), 39.61 (NCH3), 20.77 (CCH3).

DMAP:TPA (2:1) Salt. DMAP:TPA (2:1) salt was synthesized as
reported previously.68 TPA (0.831 g, 5 mmol), DMAP (1.22 g, 10
mmol), and methanol (15 mL) were mixed. Methanol (60 mL) was
added, and the mixture was heated at 60 °C to form a transparent and
homogeneous solution. The mixture was then cooled in the
refrigerator. The crystal was filtered, washed with methanol, and
dried under vacuum at room temperature overnight (1.36 g, 67%).
Characterization is consistent with that reported previously.681H (400
MHz; 298 K; DMSO-d6): δ (ppm) 8.11 (dd, 4H, 3JH−H = 5.0 Hz, 1.6
Hz, NHCH), 8.00 (s, 4H, CHCCOO), 6.63 (dd, 4H, 3JH−H = 5.0 Hz,
1.6 Hz, CHCNCH3), 2.97 (s, 12H, CH3). NH was not observed. 13C:
δ (ppm) 166.97 (COO), 154.28 (CH3NCCH), 148.21 (CHCHNH),
135.24 (CCOO), 129.28 (CHCCOO), 106.74 (CHCNCH3), 38.72
(CH3).

DMAP:BA (1:1) Salt. DMAP:BA (1:1) salt was synthesized as
reported previously.29 Diethyl ether (12 mL) and BA (0.611 g, 5
mmol) were added to a Schlenk flask. DMAP (0.611 g, 5 mmol) was
added to the stirred solution forming white solids. The solids were
filtered, washed with diethyl ether, and dried under vacuum at room
temperature overnight (0.925 g, 76%). Characterization is consistent
with that reported previously.291H (400 MHz; 298 K; DMSO-d6): δ
(ppm) 8.13 (dd, 2H, 3JH−H = 5.0 Hz, 4JH−H = 1.6 Hz, CHCHNH),
7.95 (m, 2H, CCHCH), 7.58 (t, 1H, 3JH−H = 7.4 Hz, CCHCHCH),
7.47 (t, 2H, 3JH−H = 7.4 Hz, CCHCHCH), 6.63 (dd, 2H, 3JH−H = 5.1
Hz, 4JH−H = 1.6 Hz, CHCHNH), 2.97 (s, 6H, CH3). NH was not
observed. 13C: δ (ppm) 167.73 (COOH), 154.33 (CH3NCCH),
148.03 (CHCHNH), 132.37 (CCOOH), 131.95 (CCHCHCH),
129.23 (CCHCHCH), 128.41 (CCHCHCH), 106.73 (CHCHNH),
38.72 (CH3).

DMAP:BHET (2:1) Salt. BHET (1.27 g, 5 mmol), DMAP (1.22 g,
10 mmol), and THF (15 mL) were mixed. The solution was cooled in
the refrigerator, but solids were not formed. The solution was dripped
into diethyl ether (150 mL), and it was cooled in the refrigerator
forming crystals. The crystal was filtered and dried under vacuum at
room temperature overnight (0.691 g, 28%). The chemical structure
was identified by NMR, and the crystal was BHET. DMAP:BHET
(2:1) salt was not formed.

DABCO:MSA (1:2) Salt. DABCO:MSA (1:2) salt was synthesized
as reported previously.69 DABCO (0.808 g, 7.2 mmol), acetone (10
mL), and MSA (1.45 g, 0.982 mL, 15.1 mmol) were mixed in a
round-bottom flask. Acetone (190 mL) was added and the mixture
heated at 65−70 °C under N2 for 40 min, but the resultant solid was
insoluble. The mixture was cooled in the refrigerator. The solid was
collected, washed with acetone, and dried under vacuum at room
temperature overnight (1.90 g, 87%). Characterization is consistent
with that reported previously.691H (400 MHz; 298 K; DMSO-d6): δ
(ppm) 3.55 (s, 12H, NHCH2CH2NH) 2.40 (s, 6H, CH3). NH was
not observed. 13C: δ (ppm) 42.91 (NHCH2CH2NH), 39.71 (CH3).

NMI:TfOH (1:1) Salt. NMI:TfOH (1:1) salt was synthesized as
reported previously.70,71 Dichloromethane (3 mL), TfOH (0.750 g,
0.442 mL, 5 mmol), and NMI (0.411 g, 0.399 mL, 5 mmol) were
mixed. Solids were formed. The solids were collected, washed with
dichloromethane, and dried under vacuum at room temperature
overnight (0.697 g, 60%). Characterization is consistent with that
reported previously.70,711H (400 MHz; 298 K; DMSO-d6): δ (ppm)
14.12 (br s, 1H, NH), 9.03 (s, 1H, NHCHN), 7.67 (m, 2H,
NHCHCHNCH3), 3.86 (s, 3H, NCH3). 13C: δ (ppm) 135.80

(NHCHN), 123.15 (CHCHNCH3), 120.69 (q, CF3), 119.74
(CHCHNH), 35.41 (NCH3).

NMI:BSA (1:1) Salt. NMI:TfOH (1:1) salt was synthesized as
reported previously.72 Acetone (5 mL), BSA (0.791 g, 5 mmol), and
NMI (0.411 g, 0.399 mL, 5 mmol) were mixed, but solids were not
formed. Dichloromethane (25 mL) was added, but solids were still
not formed. The solution was dripped into diethyl ether (75 mL)
forming solids. The mixture was cooled in the refrigerator, and the
solids were collected. The solids were further treated by adding
acetone (5 mL) and mixing under N2; then the solution was dripped
into diethyl ether (100 mL) forming solids. The solids were filtered
and dried under vacuum at room temperature overnight (0.530 g,
44%). Characterization is consistent with that reported previous-
ly.721H (400 MHz; 298 K; DMSO-d6): δ (ppm) 14.18 (br s, 1H,
NH), 9.06 (s, 1H, NHCHN), 7.69 (t, 1H, 3JH−H = 1.6 Hz,
CHCHNCH3), 7.66 (t,1H, 3JH−H = 1.6 Hz, CHCHNH), 7.62 (m,
2H, SCCH), 7.32 (m, 3H, CCHCHCH), 3.86 (s, 3H, CH3). 13C: δ
(ppm) 148.17 (SCCH), 135.83 (NHCHN), 128.50 (CCHCHCH),
127 .69 (CCHCHCH), 125 .46 (CCHCHCH), 123 .16
(CHCHNCH3), 119.73 (CHCHNH), 35.39 (NCH3).

NMI:MSA (1:1) Salt. NMI:MSA (1:1) salt was synthesized as
reported previously.73−75 NMI (1.18 g, 1.148 mL, 14.4 mmol), MSA
(1.38 g, 0.932 mL, 14.4 mmol), and acetone (20 mL) were mixed in a
Schlenk flask. A white solid was formed. Acetone (180 mL) was
added and the mixture heated at 65−70 °C under N2 for 30 min, but
the resultant solid was not soluble. The mixture was then cooled in
the refrigerator, and the solid was collected. The solid was further
treated by adding acetone (400 mL) and heating in a Schlenk flask at
65−70 °C under N2 for 30 min, but the solid was not soluble. The
mixture was then cooled in the refrigerator. The solid was collected,
washed with acetone, and dried under vacuum at room temperature
overnight (1.93 g, 75%). Characterization is consistent with that
reported previously.73−751H (400 MHz; 298 K; DMSO-d6): δ (ppm)
9.07 (s, 1H, NHCHN), 7.70 (t, 1H, 3JH−H = 1.6 Hz, CHCHNCH3),
7.66 (t, 1H, 3JH−H = 1.6 Hz, CHCHNH), 3.87 (s, 3H, NCH3), 2.37
(s, 3H, SCH3). NH was not observed. 13C: δ (ppm) 135.88
(NHCHN), 123.18 (CHCHNCH3), 119.76 (CHCHNH), 39.80
(SCH3), 35.39 (NCH3).

DMA:TfOH (1:1) Salt. DMA:TfOH (1:1) salt was synthesized as
reported previously.76 Acetone (5 mL), DMA (0.606 g, 0.634 mL, 5
mmol), and TfOH (0.750 g, 0.442 mL, 5 mmol) were mixed under
N2 in a Schlenk flask. The mixture was cooled in the refrigerator, but
solids were not formed. The solution was dripped into diethyl ether
(50 mL) forming a two-layer solution. The lower layer was collected
and washed with diethyl ether. n-Hexane (5 mL) was added forming a
two-layer solution. The mixture was cooled in the refrigerator, but
solids were not formed. The lower layer was collected and dried under
vacuum at room temperature overnight to afford a solid (0.304 g,
22%). Characterization is consistent with that reported previous-
ly.761H (400 MHz; 298 K; CDCl3): δ (ppm) 11.08 (br s, 1H, NH),
7.63−7.49 (m, 5H, CHCHCHCN), 3.30 (d, 6H, NCH3). 13C: δ
(ppm) 144.24 (CHCNH), 131.03 (CHCHCHCN), 130.93
(CHCHCH), 120.46 (q, CF3), 120.33 (CHCHCN), 47.48 (NCH3).

DMA:MSA (1:1) Salt. DMA:MSAH (1:1) salt was synthesized as
reported previously.77 DMA (1.74 g, 1.825 mL, 14.4 mmol), acetone
(20 mL), and MSA (1.38 g, 0.932 mL, 14.4 mmol) were mixed in a
round-bottom flask. The solid was formed in 15 min. Acetone (30
mL) was added, and the mixture was heated at 65−70 °C under N2
for 30 min to form a transparent and homogeneous solution. The
mixture was then recrystallized in the refrigerator and collected. The
crystals were further treated by adding acetone (40 mL) and heating
in a round-bottom flask at 65−70 °C under N2 for 20 min to form a
transparent and homogeneous solution. The mixture was then
recrystallized in the refrigerator. Crystals were collected and dried
under vacuum at room temperature overnight (2.22 g, 71%).
Characterization is consistent with that reported previously.771H
(400 MHz; 298 K; DMSO-d6): δ (ppm) 7.48−7.30 (m, 5H,
CHCHCHCN), 3.13 (s, 6H, NCH3), 2.39 (s, 3H, SCH3). NH was
not observed. 13C: δ (ppm) 144.25 (CHCNH), 130.03
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(CHCHCHCN), 127.65 (CHCHCH), 119.68 (CHCHCN), 45.15
(NCH3), 39.72 (SCH3).

BEMP:TfOH (1:1) Salt. Acetone (2 mL), BEMP (0.549 g, 0.579 mL,
2 mmol), and TfOH (0.300 g, 0.177 mL, 2 mmol), were mixed under
N2 in a Schlenk flask. The mixture was cooled in the refrigerator, but
solids were not formed. The solution was dripped into diethyl ether
(20 mL) forming solids. The solids were filtered. The solids were
further treated by adding acetone (1.5 mL), mixed under N2, and
cooled in the refrigerator. The solution was dripped into diethyl ether
(20 mL) forming solids. The solids were filtered, washed with diethyl
ether, and dried under vacuum at room temperature overnight (0.708
g, 83%). 1H (400 MHz; 298 K; DMSO-d6): δ (ppm) 4.87 (d, 1H,
3JH−H = 10.1 Hz, NH), 3.19 (td, 4H, 3JH−H = 5.8 Hz, 3JH−H = 10.5 Hz,
CH3NCH2CH2), 3.04 (qd, 4H, 3JH−H = 7.1 Hz, 3JH−H = 11.3 Hz,
NCH2CH3), 2.60 (s, 6H, NCH3), 1.88 (tt, 2H, 3JH−H = 14.7 Hz,
3JH−H = 8.1 Hz, CH2CH2CH2), 1.27 (d, 9H, JH−H = 0.8 Hz,
NHCCH3), 1.09 (t, 6H, 3JH−H = 7.1 Hz, NCH2CH3). 13C: δ (ppm)
120.68 (quin, CF3), 52.54 (d, CH3NCH2CH2), 49.70 (d, NCH2CH3),
38.93 (CH2CH2CH2), 34.91 (d, NHCCH3), 30.44 (d, NCH3), 23.91
(d, NHCCH3), 13.25 (d, NCH2CH3). MS (ESI): m/z 275.27
(BEMPH+), 149.04 (TfO−). FT-IR (ATR): max/cm−1 3249 (NH or
OH), 2962 and 2958 (CH3, CH2), 2872 (N+−H), 1472 and 1416
(SO2), 1382 and 1367 (C(CH3)3), 1274, 1248, 1218, 1144, 1051, and
1021 (SO2, CF3). Anal. Calcd for C14H32F3N4O3PS: C 39.6; H 7.6; N
13.2; S 7.55%. Found: C 39.6; H 7.6; N 13.3; S 7.5%.

BEMP:MSA (1:1) Salt. Acetone (2 mL), methanesulfonic acid
(MSA) (0.192 g, 0.130 mL, 2 mmol), and 2-tert-butylimino-2-
diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine (BEMP)
(0.549 g, 0.579 mL, 2 mmol) were mixed under N2 in a Schlenk flask.
The mixture was cooled in the refrigerator, but solids were not
formed. The solution was dripped into diethyl ether (20 mL) forming
a two-layer solution. The lower layer was collected and washed with
diethyl ether. The solution was dried under vacuum at room
temperature overnight to afford a solid (0.499 g, 67%). 1H (400 MHz;
298 K; DMSO-d6): δ (ppm) 4.92 (d, 1H, 3JH−H = 9.9 Hz, NH), 3.19
(dt, 4H, 3JH−H = 5.9 Hz, 3JH−H = 10.5 Hz, 3JH−H = 5.8 Hz,
CH3NCH2CH2), 3.04 (dq, 4H, 3JH−H = 7.1 Hz, 3JH−H = 11.3 Hz,
NCH2CH3), 2.60 (d, 6H, 3JH−H = 10.3 Hz, NCH3), 2.29 (s, 3H,
SCH3), 1.88 (m, 2H, CH2CH2CH2), 1.27 (d, 9H, JH−H = 0.8 Hz,
NHCCH3), 1.08 (t, 6H, 3JH−H = 7.1 Hz, NCH2CH3). 13C: δ (ppm)
52.54 (d, CH3NCH2CH2), 49.70 (d, NCH2CH3), 39.77 (SCH3),
38.93 (CH2CH2CH2), 34.93 (d, NHCCH3), 30.46 (d, NCH3), 23.93
(d, NHCCH3), 13.26 (d, NCH2CH3). MS (ESI): m/z 275.27
(BEMPH+), 95.02 (MSA−). FT-IR (ATR): max/cm−1 3163 (OH),
2958 and 2925 (CH3, CH2), 2869 (N+−H), 1479, 1464, and 1427
(SO2), 1386 and 1364 (C(CH3)3), 1293, 1263, 1181, 1155, 1128, and
1102 (SO2). Anal. Calcd for C14H35N4O3PS: C 45.4; H 9.5; N 15.1; S
8.65%. Found: C 45.5; H 9.6; N 15.2; S 8.4%.

BEMP:TFA (1:1) Salt. Acetone (2 mL), BEMP (0.549 g, 0.579 mL,
2 mmol), and TFA (0.228 g, 0.153 mL, 2 mmol) were mixed under
N2 in a Schlenk flask. The mixture was cooled in the refrigerator, but
solids were not formed. The solution was dripped into diethyl ether
(40 mL), but solids were not formed. The solvents were removed by a
vacuum pump, and then diethyl ether (10 mL) was added forming
solids. The solids were filtered and dried under vacuum at room
temperature overnight (0.490 g, 63%). 1H (400 MHz; 298 K; DMSO-
d6): δ (ppm) 4.99 (d, 1H, 3JH−H = 10.2 Hz, NH), 3.19 (td, 4H, 3JH−H
= 5.9 Hz, 3JH−H = 10.4 Hz, CH3NCH2CH2), 3.04 (qd, 4H, 3JH−H =
7.1 Hz, 3JH−H = 11.3 Hz, NCH2CH3), 2.60 (d, 6H, 3JH−H = 10.3 Hz,
NCH3), 1.88 (m, 2H, CH2CH2CH2), 1.27 (d, 9H, JH−H = 1.0 Hz,
NHCCH3), 1.09 (t, 6H, 3JH−H = 7.0 Hz, NCH2CH3). 13C: δ (ppm)
157.59 (q, CF3CO2), 117.42 (quin, CF3), 52.53 (d, CH3NCH2CH2),
49.70 (d, NCH2CH3), 38.88 (CH2CH2CH2), 34.92 (d, NHCCH3),
30.44 (d, NCH3), 23.92 (d, NHCCH3), 13.23 (d, NCH2CH3). MS
(ESI): m/z 275.27 (BEMPH+), 112.96 (TFA−). FT-IR (ATR): max/
cm−1 3062 (OH), 2962 and 2928 (CH3, CH2), 2861 (N+−H), 1684
(COO), 1475 and 1434 (SO2), 1390, 1378, and 1364 (C(CH3)3),
1341, 1285, 1263, 1226, 1192, 1155, 1106, 1051, and 1017 (SO2,
CF3). Anal. Calcd for C15H32F3N4O2P: C 46.4; H 8.3; N 14.4%.
Found: C 46.7; H 8.3; N 14.6%.

BEMP:DPP (1:1) Salt. Diphenyl phosphate (DPP) (0.50 g, 2
mmol), 2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-
diazaphosphorine (BEMP) (0.549 g, 0.579 mL, 2 mmol), and acetone
(2 mL) were mixed. The solution was dripped into diethyl ether (20
mL) forming a two-layer solution. The lower layer was collected,
washed with diethyl ether, and dried under vacuum at room
temperature overnight (0.410 g, 39%). 1H (400 MHz; 298 K;
DMSO-d6): δ (ppm) 7.20 (t, 4H, 3JH−H = 7.8 Hz, CCHCHCH), 7.12
(m, 4H, OCCH), 6.94 (t, 2H, 3JH−H = 7.2 Hz, CCHCHCH), 5.10 (d,
1H, 3JH−H = 10.2 Hz, NH), 3.17 (td, 4H, 3JH−H = 5.8 Hz, 3JH−H = 10.6
Hz, CH3NCH2CH2), 3.03 (qd, 4H, 3JH−H = 7.1 Hz, 3JH−H = 11.3 Hz,
NCH2CH3), 2.58 (d, 6H, 3JH−H = 10.3 Hz, NCH3), 1.87 (m, 2H,
3JH−H = 5.9 Hz, CH2CH2CH2), 1.26 (d, 9H, 3JH−H = 0.9 Hz,
NHCCH3), 1.07 (t, 6H, 3JH−H = 7.1 Hz, NCH2CH3). 13C: δ (ppm)
154.05 (d, CH2C(O)CH2), 128.70(CCHCHCH), 121.59
(CCHCHCH), 119.84 (d, CCHCHCH), 52.50 (d, CH3NCH2CH2),
49.69 (d, NCH2CH3), 38.92 (CH2CH2CH2), 34.93 (d, NHCCH3),
30.44 (d, NCH3), 23.92 (d, NHCCH3), 13.25 (d, NCH2CH3). MS
(ESI): m/z s75.39 (BEMPH+), 249.03 (DPP−). FT-IR (ATR): max/
cm−1 3055 (OH or CH), 2962, 2925, and 2887 (CH3, CH2), 2865
(N+−H), 1591 and 1487 (C�C), 1378 and 1364 (C(CH3)3), 1278
(P�O), 1256, 1215, 1159, 1129, 1092, 1051 (PO−Aryl). Anal. Calcd
for C25H42N4O4P2: C 57.2; H 8,1; N 10.7%. Found: C 57.5; H 8.0; N
10.4%.
General Procedure for Polymerization Reaction. BHET (0.5

g) and a salt catalyst (2.5−5 mol %) were added to a round-bottom
flask simultaneously. Then, the mixture was heated at 270 °C in a
heating block for 1 h under N2 while stirring with a magnetic stirrer at
a rate of 300 rpm. Vacuum was then applied, and the mixture was
maintained at 270 °C for an additional 4 h. The reaction mixture was
cooled to room temperature, and a mixture of chloroform and
trifluoroacetic acid (8:1) (5 mL) was added to solubilize the crude
polymer. Methanol (50 mL) was then added to the reaction flask,
while stirring, to precipitate the PET which was collected by filtration
and dried under vacuum at room temperature overnight.
General Procedure for Depolymerization Reaction. As-

synthesized poly(ethylene terephthalate) (PET), which includes
embedded salt catalyst (5 mol %), was combined with EG (20
equiv) in a 20 mL scintillation vial. The vial was sealed and heated at
180 °C for 24.5 h or until the PET was fully dissolved and the
reaction mixture was homogeneous. The solution was cooled to
ambient temperature and filtered. Then, H2O (ca. 10 mL) was added
to the vial and stored at 4 °C overnight. The precipitated BHET was
recovered from the crude mixture via filtration and dried at room
temperature for 24 h.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01410.

Thermogravimetric analysis, NMR spectra, molecular
wight and colorimetric data (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Andrew P. Dove − School of Chemistry, University of
Birmingham, Birmingham B15 2TT, U.K.; orcid.org/
0000-0001-8208-9309; Email: A.Dove@bham.ac.uk

Authors
Shu Kaiho − School of Chemistry, University of Birmingham,

Birmingham B15 2TT, U.K.; Chemicals Research
Laboratories, Toray Industries, Inc., Nagoya 455-8502,
Japan; orcid.org/0000-0002-1855-9246

Ali Al Rida Hmayed − School of Chemistry, University of
Birmingham, Birmingham B15 2TT, U.K.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c01410
Macromolecules XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/10.1021/acs.macromol.2c01410?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01410/suppl_file/ma2c01410_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+P.+Dove"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8208-9309
https://orcid.org/0000-0001-8208-9309
mailto:A.Dove@bham.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shu+Kaiho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1855-9246
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ali+Al+Rida+Hmayed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kayla+R.+Delle+Chiaie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c01410?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Kayla R. Delle Chiaie − School of Chemistry, University of
Birmingham, Birmingham B15 2TT, U.K.

Joshua C. Worch − School of Chemistry, University of
Birmingham, Birmingham B15 2TT, U.K.; orcid.org/
0000-0002-4354-8303

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.macromol.2c01410

Funding
We thank TORAY Industries, Inc., for their financial support.
Notes
The authors declare no competing financial interest.

■ ABBREVIATIONS
PPS, poly(phenylene sulfide); PET, poly(ethylene terephtha-
late; PBT, poly(butylene terephthalate); PA, polyamide;
BHET, bis(2-hydroxyethyl) terephthalate; DEG, diethylene
glycol; ROP, ring-opening polymerization; DMAP, N,N-
dimethyl-4-aminopyridine; TBD, 7-methyl-1,5,7-triazabicyclo-
[4.4.0]dec-5-ene; DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene;
BEMP, 2-tert-butylimino-2-diethylamino-1,3-dimethyl-
perhydro-1,3,2-diazaphosphorine; BA, benzoic acid; TFA,
trifluoroacetic acid; MSA, methanesulfonic acid; TSA, p-
toluenesulfonic acid.
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