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Difference in composition and structure growth observed in
group 5 metal oxide cluster ions studied by ion mobility mass spectrometry
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[Abstract] Geometrical structures of vanadium, niobium, and tantalum oxide cluster ions
(MmOn*, M =V, Nb, and Ta) were studied with ion mobility mass spectrometry (IM-MS). The
clusters were observed to grow in size by increasing the number of M2Os units for VinOn* and
NbmOn*, yet TamOn* grows by increasing TaOs units. The structures of V4O10* were perfect
tetrahedral structures. With V=0 unit on vertices and O atoms on edges, following this pattern,
cluster size increases with additional V20s units forming a larger polyhedron framework
structure up to at least m = 12. Furthermore, while having similar geometrical structures,
structure growth by adding additional Nb,Os units to each NbnOn* cluster was also observed
up to approximately m = 7. On the other hand, for NbmOn* (m > 7) and oxygen rich TamOn",
structures with Nb or Ta atom bonding to at least four O atoms were favored.

[Introduction] Group 5 metal oxides are important in the field of catalysis, and there are
numbers of industrial processes which are either catalyzed by vanadium oxides, or use niobium
oxides and tantalum oxides as promotors because of their reducible nature. The group 5 metal
oxides exist as pentoxides (M20s, M =V, Nb, or Ta) in the bulk phase with a formal oxidation
state of +5. Gas phase clusters can be considered to be the simplest model to understand the
surface structure and active sites of oxide catalysts. Numerous experimental and theoretical
techniques have been incorporated into the study of gas-phase clusters, such as mass
spectrometry, photodissociation, IR spectroscopy, and density functional theory calculation. In
this study, by applying IM-MS and theoretical calculations, detailed cluster structure
information such as collision cross section can be evaluated to understand the similarities and
differences of the group 5 metal oxide in the cluster phase.

[Methods] Experimentally, vanadium, niobium, and tantalum oxide cluster ions were first
generated by combination of laser ablation and supersonic expansion of O»/He mixture gas
(concentration dependent on the oxides). The generated cluster ions were injected into an ion
drift cell with an injection energy of 50 or 250 eV applied by a pulsed electric field, and collision
induced dissociation occurred along with ion injection. Following the entrance into the ion drift
cell, the product ions experienced acceleration with an applied electrostatic field and
deceleration by collisions with He buffer gas filled inside the cell. The cluster ions reached
constant drift velocity depending on their interaction with He buffer gas, and therefore arrived
at the cell exit with different arrival times for structure analysis. Arrival time is the time that
each cluster ion takes to pass through the cell, and is dependent on its interaction with He buffer
gas. Finally, the product ions were delivered through the reflectron- type time-of-flight (TOF)
mass spectrometer for mass analysis. The obtained arrival time and TOF were used to analyze
the collision cross sections (CCSs) of the cluster ions by using ion transport theory.

In the theoretical study, geometrical structure candidates were first optimized with
Gaussian09 program, and the calculation level were B3LYP/6-311+G(d) for vanadium oxides,
B3LYP/DGDZVP for niobium oxides, and B3LYP/cc-pVTZ(O) and cc-pVTZ-pp(Ta) for
tantalum oxide cluster ions. Next, theoretical CCSs of the proposed geometrical structures were
calculated with projection approximation methods in MOBCAL program.



[Results and Discussion] Structure comparison on VmOn* and NbnOn*, and the difference in
structural assignment due to structure transition found in NbnOn* were discussed in the past
reports [1,2]. Here, discussion on the composition and the structural assignment will be
expanded to three group 5 transition metal oxide cluster ions including TamOn®.

First on the discussion of compositions: the stable species found upon collision induced
dissociation caused by high injection energy at the inlet of the ion-drift cell were (VO2)(V20s)m-
12" and (V204)(V20s)m-2)2" for all vanadium oxide cluster cations between m = 2-60. As for
niobium oxide cluster cations, the most stable species were similarly (NbO2)(Nb20s)m-1y2 " and
(Nb20s)m2 ¥ up to m = 24. These compositions, formed with the stoichiometric units or stable
building block units, have an oxygen to metal ratio of approximately n = 2.5m. On the other
hand, the stable composition of tantalum oxide was found to be (Ta20s5)(TaO3)m-2" and (TaO3)m*
for m = 2-13. Relatively oxygen-rich species were thus stable for tantalum oxide cluster cations,
where the oxygen to metal ratio of approximately n = 3m. Clearly, tantalum oxide cluster
cations were built based on TaOs units.

Next, the geometrical structures
discussed in the past reports stated that ? f?
vanadium oxide cluster ions have polyhedral
cage structure frameworks, where every
vanadium atom forms the vertices of the @

polyhedron, and are inter-connected by ®

bridging oxygen atoms. The structure for the V4097 Nb4O10™ TagO117
most abundant composition among the Vi Figure 1. Optimized geometrical structure of
series, V40q", is shown in Figure 1. In this MnOn", where M =V, Nb and Ta, and m = 4.

tetrahedral structure, vanadium metal atoms

bond to a maximum of four oxygen atoms, of which three are bridging oxygen atoms and one
is terminal oxygen atom. The geometrical structures of vanadium oxide cluster ions grow
smoothly by increasing the size of polyhedron framework.

As for the geometrical structures for niobium oxide cluster cations (NbmOn*), the same
basic framework to vanadium oxide cluster ions was found for m = 2-7. For example, the
structures of most stable species of Nbs series, NbsO1o" is also shown in Figure 1. It was
reported from the previous report that a structure transition of NbnOn* observed at m = 8-9
causes a decrease in overall CCS growth, and different structural formation: some Nb atom
bonds to more than 4 oxygen atoms, forming NbOs or NbOg coordination [1].

Finally, geometrical structures + + + +
for the oxygen rich tantalum oxide Ta5013 Ta5014 Ta5O15 Ta5016
cluster (TamOn") greatly resemble that .:.

*
of vanadium and niobium oxide cluster ‘3:&* ‘;' ° i.m

@
ions at small m. The Ta4O11* structure ~ o@ o % V‘ o? w00
in Figure 1 shows that the extra 0Xygen  Figure 2. Optimized geometrical structure of TasO13.16".
atom is bonded to the terminal site of
the tetrahedral framework structure as a superoxide unit. Additionally, the geometrical
structures of TasO13.16" resemble that of VsO12" and NbsO12* pyramid framework, and the
additional oxygen atoms could be found on the terminal sites as shown in Figure 2.

It is concluded from the above discussion that the number of oxygen atoms increases
with increasing mass of the constituent metals for M4On*, from 9 oxygen atoms in vanadium
oxide to 10 oxygen atoms in niobium oxides to 11 oxygen atoms in tantalum oxides. This
difference comes from their difference in the number of available coordination sites.
[Reference]
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Structures of gold-ceria composite cluster cations

studied by ion mobility mass spectrometry
oToshiaki Nagata!, Motoyoshi Nakano!?, Fuminori Misaizu!
! Graduate School of Science, Tohoku University, Japan
2 Institute for Excellence in Higher Education, Tohoku University, Japan

[Abstract] Geometrical structures of gold-ceria composite cluster cations, AumCenOp*, were
studied by ion mobility mass spectrometry (IMMS). The clusters were generated by
simultaneous laser ablation of CeO, and Au rods in a helium gas pulse. Collision cross
sections (CCSs) of the cluster ions were obtained from ion mobility measurements using an
ion-drift cell filled with helium as a buffer gas. To assign geometrical structures of the
observed ions, candidate structures were computed by density functional theory (DFT)
calculations, and their theoretical CCSs were simulated to be compared with the experimental
CCSs. AumCenOp" ions were observed in IMMS two-dimensional spectra, and their
compositions were distributed over the range of p < 2n. The experimental CCSs of
AunCenOp* tended to increase with increasing number of atoms. Nevertheless, the CCS
slightly decreased from AuCe203" to AuCe204", suggesting that the structure of AuCe204" is
especially compact. A structure previously suggested for AuCe,Os" based on DFT
calculations has a three-dimensional framework without any excess atoms, which was
considered to be compact. For AuCe>O3*, while several structures were suggested, we found
plausible structures fit to the experimental CCS.
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Fig. 3. Suggested structures of AuCe,04" and AuCe,O3".
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Development of high-resolution ion trap ion mobility measurement system
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[Abstract] lon mobility spectrometry (IMS) have been utilized to reveal novel structures on
nano materials. To enhance the capability of IMS, we have been developing an ion trap ion
mobility measurement system (ITIMS) achieving long-term observation of nanomaterials up to
7 hours. However the structural resolution of our ITIMS is limited because the number of traps
and the distance of the ion movement are restricted to be 2 and 3 mm, respectively. The lack of
information on the optical properties on the sample is also crucial. To have more information
with ITIMS, here we present newly developed system to improve the resolution and to get more
optical information. The system consists of many ion traps with stacked ion rings and
quadrupole ion traps, and excitation and emission measurement system with long-pass optical
filters and excitation laser exchange system.
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Structure and energetics of protonated dibenzylamine-crown ether
pseudo-rotaxane in the gas phase
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[ Abstract] We observe UV spectra of protonated dibenzylamine (dBAMH™Y) and its
complexes with 15-crown-5 (15C5), 18-crown-6 (18C6), and 24-crown-8 (24C8) under cold
(~10 K) gas-phase conditions by UV photodissociation (UVPD) and UV-UV hole-burning
(HB) spectroscopy. UVPD spectra are quite different among the complexes, though the
chromophore is dBAMH™ for all the complexes. The UVPD spectrum of the dBAMH*-15C5
complex shows an extensive low-frequency progression, while the dBBAMH™-18C6 complex
shows a quite simple spectrum with a strong origin band. In the case of the dBBAMH*-24C8
complex, there are many sharp bands. UV-UV HB spectra of the dBAMH*-24C8 complex
indicate that there exist at least two conformers; multiple conformations can contribute to
high stability of dBAMH"-24C8 pseudorotaxane due to “conformational” entropic effects.
The energetics of the dBAMH*-24C8 complex is investigated by theoretical calculations.
These results suggest that the energy barrier for the pseudorotaxane formation in solution
originates not simply from the slippage process but rather from solvent effects on the
dBAMH*-24C8 complex.
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Fig. 2. Calculated energy levels in the
formation of dBAMH*-24C8 pseudorotaxane
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Inside Carbon Nanotubes
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[ Abstract] As nanocarbon research matures, significant efforts have been redirected
towards creating ‘post-nanocarbon’ materials. Transition-metal chalcogenides (TMCs), which
are low-dimensional materials that have the forms MX and MX, (M=metal, X=chalcogen),
demonstrate morphology-dependent properties, and are regarded as a promising candidate for
novel materials. In contrast to 0D/2D TMCs, much less is known about its 1D counterparts
due to ineffective techniques for the precise control of the structures. TMC nanowires and
nanoribbons can serve as electron channels and building blocks for integrated nanoelectronics.
Here we report a method for the bulk production of structurally precise MoTe nanowires and
MX; nanoribbons (M=Mo/W, X=S/Se) using carbon nanotubes (CNTs) as a template. The
CNT-templated reaction is a bottom-up technique for the production of well-defined 1D
materials. The atomic-level precision of 1D TMCs was confirmed by transmission electron
microscopy. Our results may open opportunities to exploit the novel physics and chemistry of
the unexplored materials.
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Fig 2. A schematic representation of the
CNT-templated reaction.

Fig 3. (a) Atomic structural model and (b)
experimental and simulated (inset) STEM
images of an individual MoTe nanowire
confined within CNTs.

Fig 4. (a) TEM and (b) schematic images of a
single MoS, nanoribbon with zigzag edges.

[1]1 Q. H. Wang et al. Nat. Nanotechnol. 7, 699 (2012); M. Chhowalla et al. Nat. Chem. 5, 263 (2013). [2] Y. Li
etal.J. Am. Chem. Soc. 133, 7296 (2011). [3] H. Shinohara, Jpn. J. Appl. Phys. 57, 020101 (2018).
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Superatom synthesis through typical metal assembly
using dendrimer template

oTetsuya Kambe!?, Takane Imaoka'-?, Kimihisa Yamamoto'-?
! Laboratory for Chemistry and Life Science, Institute of Innovative Research, Tokyo Institute
of Technology, Japan
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[ Abstract] Superatoms, which can mimic the properties of elements different to the
composed one, have potential to be new building blocks. The method for the solution-phase
synthesis of such superatoms is expected for progress of this research field. This time, we
have achieved fabrication of typical metal clusters in solution using a dendrimer template,
including aluminum superatom.!!]

In our previous study, we have investigated dendritic polyphenylazomethines (DPAs), and
reported assembly of various metal salts (PtCls, SnCl2, GaCls, FeCls, AuCls, CuClz and so on)
in the dendrimer with specific atom numbers. The prepared metallodendrimers have been
applied for the fabrication of finely-size controlled metal clusters in the DPAs.!]

This time, we investigated ﬁne controlled assembly of typical metal (boron, aluminum,
gallium and bismuth) units.'"*+4 It enabled superatoms in the dendrimer. The synthesized
Ali3~ superatom was identified using mass spectrometry and scanning transmission electron
microscopy. The stability was demonstrated by XPS observation during the oxidation process.
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AR D+ EAE DI A5 72 D RFRED @ N T T A X — (1, & OEA B 7-HL
WU U7 BmE A2 695 2 e n”mbh Ty, R LTIERESNT
Wb, ZOMFFIZZNET, #HimitESCKHEARICBW TSN R SN TE T,
AMETIET v R ~—% L L CTHEFEREIT/R ) 2 & T, IR TO/BET
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T, MRT DB filE L7277 v 2
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Fig. 1. Solution-phase synthesis of a superatom in
dendrimer.
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results of aluminum clusters.

[1] T. Kambe, N. Haruta, T. Imaoka, K. Yamamoto Nature Commun. 2017, 8, 2046.

[2] K. Yamamoto, T. Imaoka Acc. Chem. Res. 2014, 47, 1127.

[3] T. Kambe, A. Watanabe, T. Imaoka, K. Yamamoto Angew. Chem. Int. Ed. 2016, 55, 13151.
[4] T. Kambe, T. Imaoka, K. Yamamoto Chem. Eur. J. 2016, 22, 16406.
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Morphological control of Cu nanoparticles by counter anion
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[Abstract] Anisotropic nanoparticles (NPs) have been synthesized with the aid of capping
agents. Recent studies have revealed that halogen anions such as CI™ and I are also effective,
suggesting that counter anions of metal cations can not be ignored. However, due to the
presence of the capping or protective agents, the effect has not been investigated. In contrast,
we have recently developed a synthetic method of protectant-free Cu NP by photoreduction of
copper acetate on saponite, one of the layered clay minerals. Because our Cu NPs are
protectant-free, the effect of counter anions can be investigated. Indeed, when copper sulfate
was used instead of copper acetate, Cu nanocubes were obtained and disproportionation
reaction of Cu20O with HSO4 was found to be important. In this presentation, we demonstrate
the comparison of the two studies, and discuss the effect of the counter anion on the
morphology of the Cu NPs.

[F]

W74 )8 T/ ki1 (NP) OARIE, R 2R Uiz imtE 7 it <o, yiRsb
WICBN ARG S 7 AT AAEBEORHE VST S TEETHY, 7I00Em0 7453
Yo B THIE LTEBRIENR ZNETICHEZ < HESNTWD. ETlIine sy o7
=AUV OERPMEREINTEY, =xiECliZCut /F=2—7 (NC), I'lx Au T
)T — FOABIZERTHAH[L2]. ZNLIZERAITF AL OXT =4 L TLIT
LITEENDT-D, B NP OASRKRIFICHT =F o NENL T 40P —(0 52 HEET
M CERNWEFTZD. LL, 7 =4 085 ZERIICHEN L7-FliE ey, Z
UL, RBRENZIFIET DER#EAIT NP b, X7 =42 & NP OSIENTEEL
LTWhWedbEEZz oD, Thbb, X7 =4 O/PEEERET D7D, R
RN 7 U —72 NP BN ETHD.

TRAERI DR D VI E VD G RIETIE—RICE&R I T4 28T S8 Tn
DNEIELTD, BILEZOR FEEZHIETLZ &IXE LY. L, FxidE
W IO —>TH LYV ARF A F (Sapo) ZHWT, ZOREE MR LT : Sapo
I, BIZHEELLET /=0 blble®d, Z0oanA NIRRITIER T T4 % 1<
S5, Fex 1TEIC CUP 2 NS SETHDIRTT D 2 LT, CuNP ORIBHIE A
A L72[3]. & B, A RRIC W 2 S & BEf i Cu(OAC)2 7> b i e CuSO4 1228 2.5
Z LT, CUNCEELNDZ ELRWE L[4 ARETIE, b —>0kR%E It
L, X7 =415 > T CuNP DIIRNE D DIEIREZ I SN T 5.

[ 5]

Sapo 73 BUARIZ Cu(OAC)2 £ 7213 CuSOs KR, =% / —/vZiLic. ZOREGHE
HRIZ UV Yz BRE L, CuNP % Sapo EIZA Rk L7z, NP OERIREE, Rkl X #aldr
1% (XRD), &% fidimfE 1 ames (HRTEM), BiEE - BEEE (STEM) Tili~7-.



[#ER - BE]

Cu(OAC), ~DJEIEETIX, 13 nm DERIR Cu NP 234
% L7=. XRD /8% —> % 43.3, 50.4°(Z Cu D(111),
(200)[HI 23K T % B — 2 3 8L, EO5EEIE, BRI
(Z#RIy 72 3:1 TH 7= (Fig. 1(a)). — T CuSOs T
1%, —A3%J 300 nm ® CuNC 2335472, %0 XRD @
INZ— % Fig. 1(b)IZ7~d. Cud(00) e — 7 1XiF & A , : :
ERONT, L) —77 & OEEIZERIR CUNP ©% 35 45 55
NEFTKRELSERD I3 ThHoT. EHLLDEHBAETYE, 20/ degree
Cu0, CUO D E—Z TR B otz2 &g, cu?t Fig 1. XRD patterns of (a)
X0l Cu ETIEITTIINLTWVWD Z EDHEND HILT-. spherical Cu NP and (b)

B — 7 SR L OE VTR G PEICHE R L, NC 13(111) Cu NC, respectively.
HCTHRIN TS EEZLBND. 2L, HRTEM (2
K OB BIEE CHERER T X /2. CuSOs DIEIEILIZ L D CuNC DAL TIE SO ¥ v
BV TAIE UTHEBEL TV D TREMERN S D, LavL, Bl Ro IR A7 kLl
ETIE, Sapo OWIUND AN B, S=0 HFEIREIO WIS Rid+57 70T AWt
BTHHIZHLPhDLT, Fo-<8HNnhoTz. ZOZ b, SOFIExy v B
YITHIE LTIEIBEEE L TWRWZ ERAL N T2,

AV FA MWV EERN =2 ORBER[S] LV, CuP Ikt T =4 X (=Ac0,
S04*) O N BRI © BB E) TIEIKAL BTSN - Enbho TS (Fig. 2).
ZOEEFRARY THD Cu0 LxtT =4 1%, AcOH, HaSO4 & LA F DRt & 7”7

Cu20 + 4AcOH — 2Cu(OAc), + Hz + H20 (1)
Cuz20 + H2SO4 — CuSOg4 + Cu + H20 (2)

Cu(OAcC), DIEIETT TIEEKIR Cu NP 23755 Aldehyde« - X+« ~Cu?  —— cu(0Ac),
nTws s, Bikmrazavmaes ) (o. —cuso,
NTNWDZ EnD, XQ)DBOG I A EE —Both

)
LEZLND. CHEEND DT OHIC, Bk *\gf o
Cu NP IR & KKIRE ST CU2O ﬁzﬂhé 2 X X
W, TOREVERTA. T8 8, BB X- /> Aldehyde

T Cu NP HsRDIRfE IR A L T Cu@Cuzo
0):'77@ Pt NP (ZRHEAI 2 IR & 72 D)

S HICIBEEL KT H L& Cu0 EE;EO)E@%;LK. IHICKRKRBE LT D L
Cu(OAc)z EH}!%@%BE@%:EWJ@S@ TR DT> THEICR OGN Z &b,
KA DBUSIFEF BN Z Lo Tz,

A(2) THE Cu20 13 HS0s I &> TREHE L T 7%, ZORUEA AR D IR
(A1) TEALMICET E B2 b5, 20L& X, CuONP 23T /%/&‘é%xi@aéﬁ
IRAERRE & 720, S BT CuP DIEEIT THTH L7z Cu0 A A #7272 D12, Kif
NIE B 7372 Cu NC MG b vz, AEUUSISITIOE R G Lo, £ ORISR
BEORELBMIZTDEBZ26N0D5. 2T, RUHLEIGDIFIEZED D D T2 DI,
JGETTIOGRFOIREE 2 25°C 725 18°C I NI TeMiit b 2 o7z, 2o L &, STEM
BETITERIR Cu NP OB H 53, XRD /\5( > TCIE(111) & (200) B — 27 347 3:1 D
FREL LE THLLT. @“iﬁ?b*o Cu NC DARITIE Cu20 DALHLEIGIT K 2 i i i O —
F U TNEERER R LWL Z ERnbhroT.

e BEN
[1] H. Guo et al. Nanoscale 5, 2394 (2013).
[2] Y. Zhai et al. Nat. Mater. 15, 889 (2016).
[3] M. Miyagawa et al. RSC Adv. 7, 41896 (2017).
[4] M. Miyagawa et al. Chem. Commun. 54, 8454 (2018).
[5] M. Miyagawa et al. RSC Adv. 6, 104560 (2016).

Intensity

(b)

Fig. 2. Photoreduction of Cu(OAc); and CuSOs.



4B08

Effects of Pendent Side Chain Length and Spacing on the Mechanical
Properties of Hydrated Perfluorosulfonic Acid Polymer Membranes:
A Molecular Dynamics Study

oAn-Tsung Kuo?!, Kotono Takeuchi?, Atsuchi Tanaka?, Shingo Uratal,
Susumu Okazaki?, Wataru Shinoda?
! Innovative Technology Research Center, AGC Inc., Japan
2 Department of Materials Chemistry, Nagoya University, Japan

[Abstract] The side chain (SC) length and equivalent weight (EW) of perfluorosulfonic acid
(PFSA) have been reported to influence the proton conductivity and mechanical strength of
the membranes. In this study, a series of all-atom molecular dynamics simulations was
conducted to explore the effect of SC length and spacing on the structural and mechanical
properties of the PFSA membrane. Simulation results show that the morphology of the
aqueous domain in the shorter SC and lower EW PFSA membranes changes from a
channel-network structure to a tortuous layered structure with increasing water content, while
water swells the channel-network structure in the longer SC and higher EW PFSA membranes.
Furthermore, it is found that the longer SC membranes possessed lower and higher
mechanical strengths than shorter SC membranes at lower and higher water contents,
respectively, resulting from lower ionic strength and larger polymer domains. These findings
will be useful for designing new proton exchange membranes.

[Introduction] The perfluorosulfonic acid (PFSA) -fcr—crjfcF—cr

ionomers composed of a hydrophobic (écpch_)ro+cpz }—sos
polytetrafluoroethelyene backbone with pendant side by '
chains terminated by a sulfonic acid (Fig. 1) are widely g 1. chemical structure of PFSA.
used as proton exchange membranes. Since the

phase-segregated morphology of the hydrated PFSA membrane is supposed to directly
influence the proton conductance, many morphological models, such as cluster-network
model, fibrillar structure model, parallel cylinder model, and film-like model, have been
proposed to describe the water swelling behavior and proton transport mechanism through the
experimental studies. However, the ongoing structural debate has not been completely
resolved yet. Furthermore, the short SC PFSA has been also reported to possess better proton
conductivity and mechanical properties than long SC PFSA experimentally. The detail reason
has not been well understood yet, though several studies have used MD simulation in attempt
to understand the effect of SC length on the structural and dynamics properties at the
molecular level. In this study, we conducted a series of AA-MD simulations to explore the
effect of SC length on the morphological and mechanical properties of hydrated PFSA
membranes at different water contents.

[Methods] Four different PFSA membranes consisting of 200 chains were constructed with
six different levels of hydration (4 = 3, 6, 9, 12, 15, and 20, where 1 = (H20, H30%)/S03"). All
the PFSA ionomers had 10 repeat units for which n = 2 in the SCs (see Fig. 1). Three of them
had 16 (x = 7, y = 1) CF, groups in the main chain of the repeat units. The EW of the PFSA
ionomers were 978 (m = 0, SSC), 1144 (m = 1, MSC), and 1310 (m = 2, LSC), respectively.
The other PFSA ionomer (LSCS) had 10 (x = 4, y = 1) CF2 groups in the main chains of the
repeat unit for which m = 2 in the SC. The EW was 1010. Sulfonic groups in the pendant SCs



are assumed to be fully ionized to H" and SO3; ™ at all hydration levels and all protons exist in
water as hydronium ions (H3O"). The modified DREIDING force field by Mabuchi and
Tokumasu [1] for PFSA together with the F3C water model and classical hydronium model
were adopted. All-atom MD simulations were carried out by using the Gromacs package
version 5.04. Each system has been thermalized by the annealing procedure proposed by
Mabuchi and Tokumasu [1]. An equilibrating MD run was then conducted at T = 300 K and P
=1 bar for 300 ns. After the equilibration, uniaxial deformation was applied gradually in the
z-direction at a constant rate of 0.1 ns? (1.2-1.5 m/s depending on water content) up to a
strain of 200% at T = 300 K.

[Results and Discussion]

The morphology analysis demonstrates that the morphology of the aqueous domain in
the shorter SC and lower EW PFSA membrane changes from a channel-network structure to a
tortuous layered structure with increasing the water content, while the water swells the
channel-network structure rather than forms a water layer in the longer SC and higher EW
PFSA membrane (Fig. 2). This is due to the more dynamic nature of the long SC and more
hydrophobic region of main chain for high EW PFSA, causing the formation of larger and
more heterogeneous aqueous clusters in the longer SC and higher EW PFSA membrane [2-4].
Furthermore, the analysis of the stress-strain curves shows that the LSCS PFSA membrane
exhibits the highest yield stress (Fig. 3) but the least crystallinity among the four polymers [4].
This was ascribed to the longer SC and lower EW values, contributing to the larger domain
size and stronger ionic strength. In addition, the LSC PFSA membrane was found to possess a
comparatively low yield stress at low water contents but a high yield stress at high water
contents in comparison with SSC and MSC PFSA membranes. The LSC PFSA membrane
possesses a comparatively weak ionic strength and low crystallinity at low water contents,
resulting in the low yield stress. However, the differences in the ionic strength and
crystallinity between the SSC and LSC become minor with increasing water content. The
LSC PFSA membrane with the large polymer aggregate thus shows a comparatively high
yield stress at high water contents.

€ 120fF & 1w
i | — s '\ = Lsc
SSC PFSA : LSC PFSA 2 90t \\\\\\ e LscCs
4 (5]
: 2 60 - N>
Yax o §E ‘:):‘;t_\ —
@ 30 ..\\o..‘ 2
> T —e
0 1 1 1 1 1 1
o ¥ ! 0 6 12 18 24
Tortuous layered structure %u‘, E Fat network structure 10 Water content
Fig. 2. Schematic illustrating the morphology of the Fig. 3. Yield stresses of PFSA membranes
aqueousdomains at high water contents. as a function of water content.
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