
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

2/
8/

20
25

 1
1:

52
:0

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Relating alkaline
aDepartment of Chemical and Biomolecul

Newark, DE 19716, USA. E-mail: yanys@ud
bNational Renewable Energy Laboratory, M

Golden, Colorado 80401, USA
cDepartment of Mechanical Engineering, Wic

USA
dState Key Lab of Organic–Inorganic Com

Technology, Beijing 100029, China
eBeijing Advanced Innovation Center for So

University of Chemical Technology, Beijing

† Electronic supplementary information (E
additional characterizations and analysis
DOI: 10.1039/c8ra03440k

‡ These authors contribute equally.

Cite this: RSC Adv., 2018, 8, 26640

Received 21st April 2018
Accepted 5th July 2018

DOI: 10.1039/c8ra03440k

rsc.li/rsc-advances

26640 | RSC Adv., 2018, 8, 26640–266
stability to the structure of
quaternary phosphonium cations†

Bingzi Zhang,‡a Hai Long, ‡b Robert B. Kaspar,a Junhua Wang,a Shuang Gu,c

Zhongbin Zhuang, de Bryan Pivovarb and Yushan Yan *ade

Alkali-stable quaternary phosphonium (QP) is a type of cationic group for hydroxide exchange membranes

(HEMs). To elucidate the relationship between structure and alkaline stability, we investigated the kinetics

and degradation mechanism of a series of QP cations by both experiment and computation, and

established a semi-empirical formula based on the Taft equation to directly estimate alkaline stability of

QP cations from the 31P NMR chemical shift d and the steric substituent constant Es, facilitating the

search for QP cations with improved alkaline stability.
Introduction

Fuel cells are one of the most promising candidates for next-
generation vehicle power sources.1–3 Proton exchange
membrane fuel cells (PEMFCs) are the leading technology in
this eld, but their commercialization has been hindered by the
high cost and low durability of precious-metal catalysts.4 By
contrast, by switching the working ion from a proton (H+) to
hydroxide (OH�), hydroxide exchange membrane fuel cells
(HEMFCs) enable non-precious metals such as silver5,6 and
nickel6,7 as electrocatalysts and thus have the potential to solve
the catalyst cost and durability problems.

A major problem of the hydroxide exchange membrane
(HEM) and hydroxide exchange ionomer (HEI) is poor alkaline
stability, resulting from OH� attack of cationic groups linked to
the polymer backbone.8–14 For example, the most widely used
cations are quaternary ammoniums (QAs),15–27 such as benzyl
trimethylammonium (BTMA).21 Experiment has shown that
77% of BTMA degraded in 1 M KOD CD3OD/D2O (5/1 vol)
solution aer 480 h at 80 �C (the typical HEMFC operating
temperature), corresponding to a degradation rate constant at
80 �C (k80) of 8.3 � 10�7 M�1 s�1.28 Instability of cationic groups
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in an alkaline environment has limited the practical application
of HEMFCs.29 Stabler cations are needed.

Switching the central atom from nitrogen to phosphorus
yields quaternary phosphoniums (QPs), which showed prom-
ising alkaline stability. Yan's group developed a stabilized QP,
benzyl tris(2,4,6-trimethoxyphenyl)phosphonium (BTPP-(2,4,6-
MeO)),30–32 in which the nine methoxy groups provide strong
electron donation and steric hindrance. BTPP-(2,4,6-MeO) was
found to be twice as stable as BTMA.28 HEMs based on BTPP-
(2,4,6-MeO)-functionalized polysulfone (PSf-BTPP-(2,4,6-MeO))
exhibited decent hydroxide conductivity (45 mS cm�1 at 20
�C) and improved alkaline stability compared to the typical
commercial QA-based FAA membranes.31 The degradation
mechanism study of BTPP-(2,4,6-MeO) in alkaline environment
further showed that the major degradation pathway is ether
hydrolysis of methoxy substituents instead of oxide formation.28

Accordingly, we replaced the methoxy groups with methyl
groups and developed a superior QP cation, methyl tris(2,4,6-
trimethylphenyl)phosphonium (MTPP-(2,4,6-Me)). MTPP-
(2,4,6-Me) showed excellent alkaline stability (<20% degrada-
tion aer 5000 h at 80 �C in 1 M KOD CD3OD/D2O (5/1 vol)
solution; k80 ¼ 1.3 � 10�8 M�1 s�1): 31 times that of BTPP-
(2,4,6-MeO) (k80 ¼ 4.0 � 10�7 M�1 s�1) and 64 times that of
BTMA, making it one of the most stable cations for HEMs.28

In this work, to further elucidate the relationship between
structure and alkaline stability, we investigated the kinetics and
degradation mechanism of a series of QP cations by both
experiment and computation. We identied transition state
(TS) structures and computed the degradation reaction free
energy barriers DGs for these cations by density functional
theory (DFT), an approach that previously improved under-
standing of degradation of QA and imidazolium cations.33–35

Our computed DGs values show a good linear relationship with
experimental values. From these results, we established a semi-
empirical formula based on the Ta equation to directly
This journal is © The Royal Society of Chemistry 2018
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Table 1 QP cations studied in this work
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Table 2 Experimental measurements and DFT calculations at 80 �Ca

QP
k80
(M�1 s�1)

kOF
(M�1 s�1)

DGs
OF,EXP

(kcal mol�1)
DGs

OF,DFT

(kcal mol�1)
kEH
(M�1 s�1)

DGs
EH,EXP

(kcal mol�1)
DGs

EH,DFT

(kcal mol�1)

(1) 1.3 � 10�8 1.3 � 10�8 31.0 28.0 N/A N/A N/A
(2) 3.8 � 10�7 1.5 � 10�8 30.9 27.4 3.6 � 10�7 28.7 27.0
(3) 4.0 � 10�7 N/M N/C 29.6 4.0 � 10�7 28.6 26.8
(4) 6.0 � 10�7 5.0 � 10�7 28.5 25.8 1.0 � 10�7 29.6 27.2
(5) 3.7 � 10�7 1.9 � 10�7 29.1 27.2 1.8 � 10�7 29.2 25.8
(6) 2.0 � 10�5 2.0 � 10�5 25.9 19.3 N/M N/C 28.0
(7) 2.8 � 10�5 2.8 � 10�5 25.6 18.7 N/M N/C 26.7
(8) 3.9 � 10�4 3.9 � 10�4 23.8 18.9 N/A N/A N/A
(9) 2.2 � 10�4 2.2 � 10�4 24.2 13.7 N/M N/C 26.1
(10) 1.3 � 10�3 1.3 � 10�3 23.0 15.9 N/M N/C 26.6
(11) 9.7 � 10�2 9.7 � 10�2 19.9 15.1 N/A N/A N/A
(12) N/M N/M N/C 14.7 N/A N/A N/A

a N/A: it is not a viable pathway; N/M: it is a potential degradation pathway, but the value is not measurable due to limitation of experiment
conditions; N/C: the value is not calculable from eqn (1).
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estimate alkaline stability of QP cations from the 31P NMR
chemical shi d and the steric substituent constant Es,
providing insight on how to further improve stability.

Experimental

The QP cations studied in this work are shown in Table 1. The
experimentally measured k80 for each cation was obtained
through alkaline stability tests.28,29 The details of QP synthesis,
alkaline stability tests and NMR spectra are shown in the ESI,
Fig. S1–S12.† DGs was obtained by DFT calculation as we
explained in detail elsewhere.8 In short, reactant and TS struc-
tures were optimized by the B3LYP36 method with Gaussian 09
(G09), with the 6-311++G(2d,p) basis set and polarizable
continuum solvation model (PCM). Free energies at 80 �C and 1
atm for the reactants and TS were then calculated based on the
optimized structure. DGs was obtained by subtracting the free
energy of the TS from the total free energies of the ground states
of reactants (cation + OH�).8 For cations with different reaction
sites for the same degradation pathway (e.g., the ether hydro-
lysis pathway can be on either o-OCH3 or p-OCH3), DG

s was
calculated for all potential reaction sites, and the one with the
lowest DGs value was reported.

Results and discussion

Under the test conditions, QP cations have two possible
degradation pathways: oxide formation (nucleophilic addition,
Fig. S13†), and ether hydrolysis of the methoxy substituents
(SN2, Fig. S14†). The experimentally measured rate constants for
overall degradation (k80), oxide formation (kOF), and ether
hydrolysis (kEH) for all the cations are shown in Table 2.
According to their degradation mechanisms, these cations can
be divided into three categories (Table S1†): (i) chiey oxide
formation (k80¼ kOF); (ii) chiey ether hydrolysis (k80¼ kEH); (iii)
a mixture of both (k80 ¼ kOF + kEH). The rst category includes
some of the methoxy-substituted cations, for which oxide
formation dominates ether hydrolysis rates (and thus k80 ¼ kOF
26642 | RSC Adv., 2018, 8, 26640–26645
is an excellent approximation), as well as all of the methyl-
substituted cations. Cation (1)–(5) have k80 values several
orders of magnitude smaller than the other cations, indicating
that occupying all of the ortho-positions can effectively prevent
OH� from attacking the P center. Cation (1) shows the highest
stability, because in addition to the large steric effect, the alkali-
stable methyl substituents eliminate the ether hydrolysis
degradation pathway. The k80 and kOF of cation (12) are not
measurable by this test due to its prohibitively rapid degrada-
tion even at room temperature.

The computational DGs values for both pathways
(DGs

OF,DFT and DGs
EH,DFT) were compared with experimental

values (DGs
OF,EXP and DGs

EH,EXP) (Table 2). The experimental
DGs follows from the rate constant k according to TS theory
(eqn (1)):

DGs ¼ �RT ln

�
k

h

kBT

p0

RT

�
(1)

where T is temperature; h, Planck constant; R, universal gas
constant; and kB, Boltzmann constant. The p0/RT term in this
equation is used to calculate DGs at standard state, where p0 ¼
1 atm.8

Fig. 1 shows experimentally measured DGs vs. DFT calcu-
lated DGs when both are available. A good linear t is achieved
(R¼ 0.9285), suggesting that the B3LYP/6-311++G(2d,p) method
and PCM solvation model are effective in predicting the
degradation trend of QPs for both pathways. We also used an
alternative method to calculate DGs via M06 37/6-311++G(2d,p)
and SMD solvationmodel.38 However, this resulted in a worse t
(R ¼ 0.7429, Fig. S15†). The good correlation between experi-
mental and B3LYP/PCM calculated DGs values for QP cations is
surprising, since for QA cations the samemethod usually shows
a worse correlation with experiment. For example, we recently
performed a similar tting for 20 different QA cations using
B3LYP/PCM method, resulting in a much worse t with R ¼
0.3350. The degradation measurements were performed in
different environments: a low-water environment (CD3OD/D2O
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Experimentally measured DGs vs. DFT calculated DGs using
B3LYP/6-311++G(2d,p) method and PCM solvation model.
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(5/1 vol) solution) for QPs vs. aqueous solution for QAs. One
possible explanation for this good correlation is that the PCM
implicit solvation model used in B3LYP calculations under-
estimated the solvation effect of water, yielding data more
consistent with the measurements in the less solvated
environment.

Both experimental and DFT data presented in Table 2
suggest that the oxide formation pathway usually has a lower
reaction barrier than the ether hydrolysis pathway, implying
that unprotected P atom is more vulnerable to OH� attacking
than OCH3 group. In these cases, the rate determining step for
the degradation is the oxide formation reaction. This is not
surprising since OH� can attack the unprotected P atom easily
via P atom's vacant d orbital. To make the reaction barrier of
oxide formation higher, we have employed large steric
hindrance in cations (e.g., cation (2) and cation (3)), which
results in signicant enhancement of DGs

OF. Take cation (3)
(DGs

EH ¼ 26.8 kcal mol�1, DGs
OF ¼ 29.6 kcal mol�1) for example,

regions near the P atom become very crowded, preventing OH�

from attacking the P atom.
Fig. 2 (a) Ground state, (b) oxide formation TS, and (c) ether hydrolysis T
blue and green arrows in (a) show the OH-attack directions for the oxid

This journal is © The Royal Society of Chemistry 2018
Fig. 2 shows the ground state, oxide formation TS, and ether
hydrolysis TS of cation (3). This cation has three phenyls and
one benzyl linked to P atom. For the oxide formation pathway,
OH� can either attack the P atom through the pore formed by
three phenyl ligands or by two phenyls and one benzyl. Obvi-
ously, the steric effect is weaker in the latter case owing to the
smaller size of CH2 group in the benzyl ligand, so that this will
be the major route for OH� to attack the P atom (Fig. 2a). This is
conrmed by DFT data: the DGs

OF values for the above two
routes are 33.4 kcal mol�1 and 29.6 kcal mol�1, respectively. As
OH� approaches the P atom, the three ligands (two phenyls and
one benzyl) move resembling the opening of an umbrella to
accommodate the OH� (Fig. 2b). As the result, o-OCH3 on the
phenyl groups will become closer to each other. The closest O–O
distance for o-OCH3 groups in Fig. 2a and b is 2.88 Å and 2.81 Å,
respectively, indicating slightly stronger steric interference in
the oxide formation TS than in the ground state. For the ether
hydrolysis pathway, as OH� approaches the methyl of OCH3

from the opposite direction of the bond between themethyl and
the O atom, the three H atoms on methyl takes a similar
umbrella ip movement (Fig. 2a and c). In this case, the
increase of the steric hindrance is negligible (the DGs

EH values
for different cations only change slightly (1–2 kcal mol�1) due to
electronic effects). Therefore, for cation (3), ether hydrolysis
reaction becomes the dominant degradation pathway.

Establishing a relationship between structure and alkaline
stability would greatly benet the search for new alkali-stable
QP cations. A semi-empirical formula could bypass the need
for screening experimentally or running DFT calculations (some
QP cations are so large that DFT calculations of all potential
degradation pathways would use as many as 100 000 processor
hours). Our proposed formula is based on the Ta equation
(eqn (2)), which describes the relationship between reaction rate
constants and the electronic and steric effects for different
substituents:39–41

log

�
k

k0

�
¼ srþ Esrs (2)
S for cation (3). Color scheme: P-tan, C-cyan, O-red, and H-white. The
e formation and ether hydrolysis pathways, respectively.

RSC Adv., 2018, 8, 26640–26645 | 26643
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Fig. 4 Fitted vs. experimentally measured DGs
OF.

Fig. 3 Chemical structure of MTPP-(p-Me) (cation (13)).
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where k0 is the reference reaction rate of the unsubstituted
reactant and k is the reaction rate of a substituted reactant; s
and Es are the polar substituent constant and the steric
substituent constant, respectively; and r and rs are the linear
sensitivity factors for the electronic and steric effects, respec-
tively. It was found that s can be replaced by the 31P NMR
chemical shis (d) for phosphorus compounds.42 The smaller
value of d (shi upeld) indicates stronger electron-donating
ability of the substituent. According to eqn (1) and (2), DGs

will have a linear relationship with d and Es (eqn (3)):

DGs ¼ adþ bEs þ c (3)

where a, b, c are linear tting constants.
The following discussion will consider only DGs

OF because
the ether hydrolysis pathway depends only on individual
behavior of the methoxy groups, not on d or Es. There are three
types of steric effect in all the QPs studied: o-CH3, o-OCH3 and
P–CH2C6H5. The steric effect of the para-substituent is negli-
gible due to its large distance from the P center. We estimated Es
by DFT as follows: we designed a new QP, MTPP-(p-Me) (cation
(13)) (Fig. 3). The steric effect in cation (13) is weak so that it is
very unstable experimentally. We performed a DFT calculation
for the ground state of this cation and compared the free
energies with its isomer, cation (8). The DG between two
isomers is 16.5 kcal mol�1. By assuming that the electronic
effects are similar for p-CH3 and o-CH3,43 this energy difference
can be attributed to the steric effect of the o-CH3 group.

With Es ¼ 0 for QPs with P–CH3 and para-substituents (e.g.,
in cation (9) and cation (13)), then Es¼ 16.5 for o-CH3. Similarly,
we can calculate the DG values between other pairs of isomer
cations. The DG between cation (6) and cation (9) is
8.0 kcal mol�1, and thus, Es(o-OCH3) ¼ 8.0. The DG between
cation (7) and cation (10) is 13.5 kcal mol�1, and the steric effect
Table 3 d, Es, as well as experimentally measured and fitted DGs
OF for

the oxide formation pathway

Cations d Es
DGs

OF,EXP

(kcal mol�1)
DGs

OF,Fitted

(kcal mol�1)

(1) 6.53 33.0 31.0 30.9
(2) �3.79 16.0 30.9 30.1
(4) �1.84 16.0 28.5 29.7
(5) 7.85 21.5 29.1 28.7
(6) 20.1 8.0 25.9 24.0
(7) 24.7 13.5 25.6 24.0
(8) 21.7 16.5 23.8 25.1
(9) 18.8 0 24.2 22.9
(10) 20.8 5.5 23.0 23.4
(11) 22.0 5.5 19.9 23.2

26644 | RSC Adv., 2018, 8, 26640–26645
is assumed to be the linear combination of Es(o-OCH3) and
Es(P–CH2C6H5), so that Es(P–CH2C6H5) ¼ 13.5 � Es(o-OCH3) ¼
13.5 � 8.0 ¼ 5.5. Based on these parameters, we can estimate
the total Es for cations with multiple steric contributions. For
example, for cation (3), Es(3) ¼ Es(P–CH2C6H5) + 2 � Es(o-OCH3)
¼ 5.5 + 2 � 8.0 ¼ 21.5. The Es values for cations with the oxide
formation pathway are presented in Table 3.

Based on d, Es, and DGs
OF,Exp values in Table 3, we per-

formed a three-dimensional linear t to obtain a, b, c (eqn (3))
using soware package GNUPLOT 4.2. The tting gives: a ¼
�0.20 kcal mol�1, b ¼ 0.17 kcal mol�1, and c ¼
26.6 kcal mol�1. We then used these values, d, and Es to
calculate DGs

OF,Fitting by eqn (3) and presented the results in
Table 3. Fig. 4 indicates that DGs

OF,Exp and DGs
OF,Fitting have

a reasonable linear relationship (R ¼ 0.8988). Thus, the
stability of cations can be directly estimated by using the 31P
NMR chemical shi d and the Es deduced from the chemical
structure.
Conclusion

The alkaline degradation mechanism and kinetics of a series of
QP cations were studied experimentally and theoretically.
B3LYP and PCM solvation model effectively predicted the
degradation trend of QP cations for oxide formation and ether
hydrolysis pathways. To explore the structure-stability rela-
tionship of QPs, a semi-empirical formula based on the Ta
equation was established, by which alkaline stability of QP
cations can be estimated from 31P NMR chemical shi d and
steric parameter Es. This relationship will be valuable in
searching for QP cations with improved stability and also
provide insight for structure-alkaline stability prediction of
other types of cations such as QA. For example, if we replace P–
CH3 in cation (1) (the most stable one we have) with P–
CH2C6H5, we would increase Es by 5.5 so that the new cation
may be a promising candidate to further boost alkaline stability.
This journal is © The Royal Society of Chemistry 2018
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