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AT, Bl 20X, 2 FEV1IFHEIC K D~ 7 v+ ORESERITCE O8N )2 B0 5
ZEE ATy o aY— FI T av— BB, T L UER TR W CEER K
T —AEhH25Z LD,

~ 7 1oy ORI AR T 5 40 L bk 2 A EAER 2777, Bl 20X, ik Tl
ARy 1 & OFFEAMEEMERIC X - T, Figure 1-1 1233 & 9 (ICERIAE E-CHEHEIR IR O
Wi, falear 7 A= a kR, SHITANICL > TIESN, £72, AWZ
BT D0 2O XKD R FEESLCEN )P OMAT IR A X2~ 5 BT T, 20
BEREMEAFIND L CHEETH D, FIAIT. EFMR E~DIEHTIE, MR EEITIRE <
BRI DYMERCRREZ HBLT D, 2O XD RIKTITHET D~ 27 v iy OREMATIZIE, T
DFEFRES D HIEE | WA RE L TR, B2 TR - @0 feeE T4 2 51k
WD, BEFIIL, BESWEOA T UBEEOHE R ENRBEISNTNDIN, ZDL& X,
DTHEEEREI T, hoRERECKHEFICERY HTVERH D, 2, Kimsl THH
T5, KMPOHFA I ThHD,

in Liquid in Gas or Vacuum

¥ =
j/ De-solvent
&
Macro molecule (particle): Size or conformation analysis
Function changes with the (lon mobility spectrometry,
structure Mass spectrometry)

Figure 1-1 Macro molecule drifting in liquid phase with various conformations, e. g., globular,
stretching and coagulated etc. (left molecular models), and liquid phase solvent evaporated macro
molecules (right model).  This de-solvent is needed to introduce liquid phase macromolecules to high

resolution and sensitivity analyzer working under gas phase or vacuum.



ZTDXIBRGAAF L DIREFEDOOE DT, §EWEF (Electrospray lonization, ESI) %
N D, ESIYETIL Figure 12 IR T X ICF Y BT VICH—7 v My T2 G oAk &8 A
L. ¥¥ T VICHEELZEIMT S &, RER) EHEBIIIONT P AIZED, FxETY
DIIHNET A T —a—v EMEND 23— BB S I, OS5 HIEF IZ M E L
TR N A RIS S NS, SMICEE L2 E, RO L 7 —a U IRBIC XL B5)
HAa R LR Ot LT REIICTF v — Va2 R o mmE Sy A 4V DR
ELTHRLND, BSIEDOKR X 2R 8IE. FEMIEE D FER ISR CIEE S 10> D R FHTRIE
EEECE 5 ETHY . T K> TR TOMSE MR L-E £, £7203. WAICEEL
ToAEIE 2 PR o CTRABICER D 19 Z LA TE 5, ESIHEDOFAFH OFHMIZ OV TIL 2 TR
¥

Electrospray ionization

+
r +\. +
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y +/ Molecular lon
A High voltage
Charge
/ AR 5/ | : -
: ~__+ Native or Near

= / = = native structure

Solute Evaporation  Fission

Soft and fast de-solvent

Figure 1-2  Concept of electrospray ionization as a de-solvent method for conformation analysis.
The solution involving target solute is supplied to high voltage applied capillary, then the highly
charge target molecular ion was generated from tip of the capillary. Generated molecular ion
remember the liquid phase structure even after evaporating the solvent because the generation process

is soft and fast (so- called native ionization).
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Koz, ERBEEITAERICHAIT 5, *ji\ FIAL T MD OFHRAERIL, Figure 1-3
PO FETNTRT LD REMOKFEIZL D0 FRHEERKROEILEZATND D, &
HCTRTEEOERE R Z RAFICHILL TWD Z &R SN,

L L7226, FRROFETIE, WERE O HEEL 52 UE, BABEELZRD D 2
EARETED, WIZ IR TRD H 2 é:@’(%f LEKBEEND ., MERE o FREEEZ RO D
ZiigTx m\o % 2T, ESI THA L 7 Al skl O E AT 28R TlX. Figure 1-4 IZ
9 K 9 72 Charge reduction % & FFEN 2 BREEAES M AB D S5, Charge reduction Tl
ESI CHA L7 Sl SR - \Z W E DA A A EE S THER AR T T E, &k
B VA OB R BN E 0> b 2l AL O E & 42 FHIT 2, 20 & &, REN 5 TR
WA SMHENED AT RIS D) A RRAND, —FH T RELEDTED L
L DEEREIZ > T LE D 72D, I E OR300 LMK T35, it > T Charge
reduction V5% JHW /04T TITHFER ORI EEIZ/R 508, MEZC 2 ) BREWE % 1E
T T 2 BEm I EBUR R B SN TR, £ 2 C AR Tix Z OE 2 LA £ 5 Charge
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Figure 1-3  Electrical mobilities, Z, of highly charged poyethylene glycol, PEG ion with molecular
weight of 3,538. Close/Open plot is obtained from experiment/simulation, and the solid line is
prediction line for spherical ion. The molecualr models shown in the graph are +z charged PEG

ion’s structure determined by the molecular dynamics simulations.



Change in both
Charge Reduction Number of charges
& Conformation

Z=+5 -

Singly charged ion is required
for charge reduced ESI-DMA

Figure 1-4  Overview of the charge reduction.  The highly charge molecular ion (purple molecular
models) is collided with oppositely charged atmospheric ion (green dots). By this collision, the
molecular ion’s charge number is gradually decreasing, and the conformation is getting globular.

Mass of molecular ion can be determined from singly charged ion’s mobility measured by DMA.
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REME LT, 3ETIIDFEVIFIEORBAZFTI L, Zhad AWt RE, Frc
R E) L CHE M O RIEIC DWW TR L, 5 FEI ) FHEOELIBENEFHE~0 H
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Figure 2-1 Principle of the Electrospray.

Table 2-1 Electrochemical reactions around capillary.

Chemical reactions

EO[V /E( H—2H*)]

40H" = 2H,0+0,+4¢
20H = H,02+2¢

2 H,O = Ox+4 H*+4e

2 NH4"= NaHs"+3 H*+2e

NHs" +H20 = NH3OH™+2 H*+2e

2 Ho0 = H0,+2 H*+2¢e
OH"= OH+e

2Cl = Cly(g)+2e
Fe+20H" = Fe(OH)+2¢"
Fe = Fe?"+2¢e-

Fe = Fe3*+3e-

Pt+20H" = Pt(OH),+2¢"
Pt+2H,0 = Pt(OH),

0.42
0.29
1.25
1.30
1.37
1.79
2.02
1.36
-0.85
-0.42
-0.01
0.18
1.00
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Table 2-2  Polarizability of gaseous molecules *.

Molecule Polarizability, o [A%]
Helium 0.208
Argon 1.664
Nitrogen 1.710
Oxygen 1.562
Carbon dioxide 2.507
Water 1.501
Ammonia 2.103
Nitrogen dioxide 2.910

2.3.2 WMHREHBEIHREF (DMA) Do RIEE

Wy B ERE kAR ClE, Figure 2-2 D A, B TREND 2 FEREI OBIZIERK X 5 &
Bkt U CHRERF IR 2B ERVIERF T A2 L, FIOBER A 12 O A4 BhL
FEGNET AZT Q J8@it), HERIIT AT OMNGRICEE SIS & & HIlE
BTN CEY X | 2 OBBMNIFFESRE RS L OBEXBBE KT LIZFICR 5, B
BZAY v FEFRETDHE, TORY v MIT2 8V E L EXBEIE 2 FF oM EhL 1O &8
DT ZENTED, ZOL EXDFEEHTADWEREE OQn. =T RY VJiEE QLT 5L, il
H D DMA Tl Qw/Qa B3 5-20 DM TEIE S ND Z ENRZ, EEHE, & A
v PO ED I REITE L SEE I, ENLSO TR RIS A (i Qw) 1T
FL 72 B0 RO 22, I ZERE LTHRERWSOD, —F . AV v b2 b Hshi
¥ E OBEXBENE 2 RO ERL 71X, SRR EH @S (Condensation Particle Counter, CPC) <°
Ty 77 —Hy Ty hrA—% (FCE) 72 EIZHA I, HEREZFHHT 5, §#EY
BRIE 2R Z e N HEHAIT 5 2 & T, BRMICERBEIE o4 720 LIEE 2-15 2 Vv Ch 1
BOMREOND, 00T, BEIEESHFIEZID 1T, ER0Am & M2eWrimfg o s54mnn
HIFHILD 3 WITiE A W2 FREE O HAT72 i T B 1822

— XA 7R T RSB B AT R O R T AT AR 40, FYFEIL 4145 R 4649 o 3 D15y
Han, P CHLHBANBERDER L TWDETH D, AT RN XEE R O 28 4 MAH 3
LIENTERWT Ay MDD, — 5T, HENES Th D Z L2 H/V DMA Oi%E
WCHWOND Z ERH 50, F£7=, delaMora b DHFIEETY T AKX —WIRICHWWLILE Z
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& NZ T2 ESI-DMA-MS ST %° % 7 . DMA 2 W27 7 7 A 2 b O St~
MBS ME SN TWD, B DMA I, 45, #0100 nm OEEHIRE W FTH->Th
ITRRTCE . S BHICHRMEREDE VIV DMA OREAREE S LCTHLWLR TV D 2,

DMA O£l 7253 #R R BR & f BH 9~ 5 72 0 IR EEAF] & LT Figure 2-2(b)IZ &% DMA @
ETNERRT D, BT /VTIIINE ONEL LONE DR ZNEN R BE R Rin « 5
WEBOR 3 L THEAR S AL, WREIZ Vs OBENEHMINTWAD LT 5, ZDOL X, ki
IR S N D B BT O TEIND,

")
B

—J. BXBEE Z, & L OWER T OORENICE T D r JEAER X O x JEEE ORI 2L
WD X HITFREND,

—=7Z — 2-17a

—=U 2-17b

ZITUFx FMOFEEZR LTS, Z6DORNG, RO & 9120k SN DR+ O
28 X 3720, U ZENOERE<U> = Q)R- nRou?) T T, EEEO UL r ©
BRI 72 273, 73k S 2 HE AL FIRVRE 2 BT L TV 2 72D WREE N O EE Tl ©
EHbDE LT, E> T, X2-170 XV x A L 7200 T DIZEEF % BRI nL(Rou’- Rout?)/ O
£ %, K2-16 D r #i5r %X 2-17a ITARA L. 7= Rou~ Rinv 1= 0 ~ L(Rou’~ Rou?)/Q D X[
TR - BT 5 L ROXBHEHND,

Q R
Z = In| = 2-18
" 2nLV, R

n

ZORIT I HO STV A A ER DMA OEBXBENE —EINEEORBERRTH S, F
TR X OV DMA CTH B8 X ZFREEC Z,-V ORI EHATRETH D,
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v

B, H.V. .\ <

CPC, FCE etc...

Figure 2-2  Schematic diagram of differential mobility analyzer, DMA (a) and Schematic of cylinsical
type DMA (b). (a) high voltage is applied only on wall B, meanwhile A is grounded. The gas is
flowing perpendiclar to the electric filed. The gas flowing part can be separated as aerosol flowing
red region (near A wall) and sheath gas flowing bule region (other). Part of the flow near B wall
and particle of spesific electrical mobility is sent to particle detector, CPC or FCE etc. (b) the
cyrindical DMA was conposed of concentric cyrinder which outer diamter of innver rod is Rin and
inner diameter of outer rof is Row.. The charged particle is introduced from Row and high voltage,
VB is applied on innver rod. Then, the particle close to inner rod and specific electric mobility of

particle is taken out from slit locatd downstream slit (classified length is L).
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2.3.3 DMA #EOBNAE —1EaeM £ & /N EE

BIfED DMA BEEMFsE o Bhaix, K& < @fkagk & /Mo 2 D123 b Tind & v
z 5. BERRALTEHOMEITE L DD N TE TV IOBEICEE R AN 5T
W5, DMA OVEREIIBRENRL T RR&00E - ke - INERE CTH D, FIBER FAMITE
WCFRICHER LTWAIIZER L . 5 FL-Ub (~1nm) ETIEIHETELZ MO NT
W5, BRZER SRWELR & U TiE, #ES s 2 WD 72 OIIZRS LB & L TR
ZAELRTIVUIRLRNWTEDTH D, FIESMEHIEE L THW D O THIXBELDTRE
MO ERLFRERDDZENTEDLLTT A INN—T 4 I AP AF—FH D, 5
hdr & LTHWD DO THIUE, BIOBEMA 20BN B < A AL D257 TH
LD (EmLAERAWEYA 7arkl), 2L ERRTHEL VW) AT v IRERIN D
BRI TR F D43 #keE & LTI LI W, 2 2O, HDFREITEEARNITIEG T A L
T NI ADE (0a/On) ZEZETTFTONDIMNIE S TRED 2D, IHFT A
ERMETHLTYH (LA VA ERELLTYH), B2 HER & 2 EEMEORGN
TN TE T, BIAS VLTV S HROE 72 fFRE DMA, Half-Mini TiZ LA / /L X
3K 20,000 THBIEZHERF CX . Of#RED 2 nm T 30 (peak voltage/F WMH) & 155 Z &3
T&E D, EDIEFREITITED S LY ROUEDTH Y | A OREIC DRI 72 b
5. A ORFE S RRED M LS BRI TH D, Lorenzo X 100 fE DI L 7=k Hgs 2 5% & L
TRIFFICKEICHIE T D EERRRICHKRT) LT3 33, £72. Amanatidis © OWFSETIEI=7 1
VIOVDOFTAMIE Z EICHERE S 2L 2D 2 L TRAMIBEOEWIC X HINERMEE2 72 < L,
BER A fRAE A 1) L STV D %2

Z 9 Liztkem FIZBE 2 BF7E03 8D S5 — 5T, 2000 10> 5/ EIZER Y filTe
BFFED N 2 15 T D, Mei HITHERI T/ DMA Z/ERk L. IEFICEMET 52 L %k
P L72 %, F7-. Kulkamni 53 EEE - DMA - CPC 2 £ & O, &ADOEES 4.5kg (2 2
7oy 7 U —BREVRI DR — & T VKL AR HAI S AT K& BHFE L7z 3, Liu & 13T AR
® DMA # v, Fitige & LT CPC b I IZEEHWD Z & TRIROHEED~1kg D
RN ST R E G ARFHRI S AT LT L, B —FRy NU—7 OREFE~DT]
REMEZ AL L7z %, Z iEd /N DMA BRI B[ U< ZREHllcoe vy 77
—HWEIZEE > TS, £z, 3D 7'V X & flio7- DMA B{RO®BEL LT/t TR
D EBEMENLERMSIEEBEERA T L — 2R E T HRIER O DMA A {ERk L TR &
(150g) - K= A MET D2 EIZHEILTWA 57, LinL, HEAT L —0O LT Bz
M ZAED T2, BIE—REEORRICZ D ORENE T TLE S 2 8 MRl ClItEOR
Hnd 5,

ARFGEE T H/NUO DMA BIRICEFLTEY, 2261, DMA BZOBMA&H & L
T, ZOEBHEL L, DA T = ZLIZHOWTHRAT 5, ITHEDO DMA BB D% <
WZIEY R 2 b=y a3 YR OWMEET SR L T b, ARIFFETH OpenFOAM % H
WS L O ES OHE ATV, HE LS BEOR TG R 2 — KL lAas
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T, DMA W ORI OFH 21772 > 7=, Figure 2-3 (Z(a)Bi % L72/Mi DMA O
&, (b)EENTOmNSEE (=7 2 Y L& 0.3 Lmin!, ¥ — A& 1.5 Lmin), (c)%
BEWNEOEEY Vi, =500 V) BIO Figure 2-4 |2 20nm, 50nm O%i 1% i L7 & & Dl
Wiz Rd, 2@ DMA IZMFERT, ()OSR EER 2 £ 3, FPENIc R E e
R CH DM ORI, =7 v Y ARARORNGEOENZKET 5D TH 5, BEE
DIFZET bR PNCIER - #i5 /N2 7% B L 72 DMA CTIEHIOEIRTE 5 2 L AR TE T
W5, b)DIHENTBICBIT MG E L L, =7 r Yy e v —ARNEND Z &7 RE
SN TWDERF DRI D, £7o, D% A ORIZEBIT 2EESMIIMAENICE T 5%
ERFEHRNZHHTETCEY, Z2ThiEl2< BTN TNAD Z EBHERTE 5, it
HEBIZIB VT B MITIR » T D —H DOFARD BN O H H 2 B LT < EAED
L HETETWD, KIZ, OICRTEHERZICOWTIL, a~gllZNENOHEIZEBIT
% ¥ & Figure2-5 1270w b L7=, Figure2-5 DFEMRIT. Rin % x DRI E LTHK2-16
RALTZEZIHGEONLIHE L AR L TN D, e g DX D ITHIEICHEIENZ(b T DA0E]
BOWTHHERE VI 2=y arN—H L2200, JEREOFHESIIX 2-16 THLT
HAEETH D Z LR ENTo, IBIC, (DR FEENIS S iy, #EHICR 2-15
HFFHIS 20nm 3 KXY 50nm D 1 Al ERLF O ESBENE Z, # I TIROX AL Z
L TCHHTE S,

-
—
-
—

v(t+At)=Av(t)+(1-A)U (t)+(1—A)@ 2-19a

r(t+At)= r(t)+mv(t+At)+V(t)_2U (t)+u (t)At—Zsz(t)l_A+ F(t)At 2-19b
f f° 1+A  f
A=exp(—CAt) 2-19c
3nud
f = P -
c 2-19d

c

Z Z T fIZ friction factor 23, ZNZENDORL R T, EEEZRELTHELHITLD EL
NEIZTZ E D EFE, 50nm DO4FRIZIE 20 nm (2T X 0 EWEENZER S A E A A B
TETW5D, E£7-. ZOHBNT Figure 2-4 O X H ICEMRTITRNZ ERXS R TERNS,
DMA WEIZIZHRE SR RTER SN TN D Z EMD L ERICR DRV, S5, Z O
BN GoN-EE - BXBEHEOMRIIERE RIFICHETHZ D, v Ialb—v
a URNEREZELSEL, DMA BREFICEFEL TWD Z EnGE s, — ., EE—E
KRB E OFERR R BIRAUR, SRR AR TV ST, U=<U>DIGEN Y S
7=, R 2-18 ZEHEHND Z LT TERY, 20 DMA HIZHIIEZ AN D & f@EHATRElC
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RN, MOPRIEIEK « #i/INVHO DMA IZHEH T2 Z 13 TE 720, X055 Tk 7efiid
W RTRE R E R 2B T D 2 L L BrareEiE 2 FF > DMA ORkEF - BASEANHEA, DMA
PERE « /INEUL DB 72 DR BN FAD D0 E Liv7auy,
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(a) Schematic of developed DMA

Sheath, QS,.%QE A0V
—

\‘X‘\\j _O'Fi'
v O ——
B, H.V.

" :

"X

(b) Simulated flow field (Qg, = 1.5 L min', Q, = 0.3 L min™")

U Magnitude
1.5626e+00

=2.036e-04

(c) Simulated electrostatic field (V = 1,000 V)

phi abcde f g

1.000e+03
£ 750

500

E250

-2.610e-05

Figure 2-3  Schematic of developed small cylindrical type DMA (a), simulated flow field (Qsn = 1.5
L min™', Qa = 0.3 L min™) (b) and simulated electrostatic field (V = 1,000 V) (c). (a) the classifying
region is composed of expanding and parallel flow parts. The introduced aerosol and sheath gas are
mixed at the beginning of the expanding part to suppress the flow turbulence. (b) The color
represents the magnitude of the velocity. The completely developed flow is observed at the point of

A.  (c) The color represents the height of the electric potential.

20



9
8
7
__ 6
E 5
£ 4
3
2
1
0
X [mm]
40 60 80 100 120 140 160 180
Inner-rod voltage [V]
9
8
7
__ 6
E 5
£ 4
3
2
1
0 !

X [mm]
300 400 500 600 700 800 900 1000
Inner-rod voltage [V]

Figure 2-4  Trajectory simulation result of 20 and 50 nm singly charged particles, based on the
equation2-19.  The simulation result shown in Figure 2-3(b) and (c)was utilized as a field
information (flow field and electrostatic field). The gray filled parts are body of the DMA. The
solid colored lines are showing the particle trajectories that the color meant deference of the inner
rod voltage. The trajectory drift to inner rod faster with higher applying voltage. 20 nm particle

can classify on smaller inner rod voltage than 50 nm.
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Figure 2-5  The relationships of simulated voltage and positions picked up from Figure 2-3(c). The
plot shows the simulation results and the solid lines are predicted by the equation 2-16.  The equation
can reproduce the electrostatic field even if the flow channel is expanding. The deference of

simulation and theory at e and g is caused by the un-predictable complex structure.
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24 BEHNHE (MS)

BESITEE X, A FUPRIC Lo TERSNIA F 2 EE m L EBHE z DM om/z 12
SEEL. T D2 LT O FOEESTEITO HIETHY | FMEOEESE DR E
WESTDI7iEE LT, 1800 FRE -0 b AL F OB THIZEMTOIL TE I, LarL,
1980 FEARITHFFE S HE SO HALTZ ESITHER~ b U w 7 AR L — W — Wi A A fkiEIc L - T,
T2 OB S 2 Y 7 MIA A AL T D Z ERAfRe L 72 0 | ERE S LA Ol
—/L & LTI IS = L T2,

m/z w3 BT 2T T T A Y OREEILE O BEREIC X 0 KB X dv, TSR, BESER, AR
ITRERL, A A N T T A F YA 7 a ba RN GEET S, 207 F 74 FiX
A F U BMMORLFIZEZE L, BN EZ2 DR E S Fae B AT AR CEX 5 E
2RI TR Y . WEBRE &5 (Q-MS) 1ZZ D T ILEHIEEI R 228 73K <
THe/edd, HEADEBAFEREE L TE, KRQE T TOMFEENT H3E0E L ALAE D 24
FLROTV, 2T, 20, WEBEESHTEOSRFEIZ DWW TERT 5,

Q-MS O 7 F 7 A HiX Figure 2-6 O X 912 4 KOWAT7em > N LB L2 0 M35 %E
WO Z A U2 U CEEE U & & BRI ET Veosot Z BHidG bE7-E L2 LM
BEWMEL LKL TV D, 22T, ol FAREZRL TS, RUVINHEEE CHEM T v
> TA A v HUEMEGCART T D L A AL EFEAICIREE L oiEte s, 20V
—EIRH DD, BELZEIEL LU TOXNTRINDFFED miz = KV/re? oA
T OHRWEERIRENEEN Z L, WEMAZ®EY T, il chiisnd, KI3ER rix
EMRE R, 2R LTV D, —J, TOMD miz EZ2FFOA T ATRENKE <220 | 5K
U CEMICEZET S, £201%, vy FOSMIROH L, M Shvn, Q-MS TiE, 2Dk
INT L THBER T, miz Az lET D 2 LRk D,
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+(U+Vcosot) Q|_
R —

Ion

-(U+Vcosat)

Figure 2-6  Schematic of quattro-pole type mass spectrometer (Q-MS).  Molecular ion is introduced
to high frequency alternating voltage 4 rods. The ions are transported with vibrating and ion of
specific mass-charge ratio, m/z can arrive to the detector (other is collide with poles or go out from

poles).
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2.5 ESI-DMA & & Uf ESI-DMA-MS # R UL = #E: & 24T
251 ZEBAE

HEBMETEIEIC X o THAE LTz PEG WA A v OB L BR B IR E D4k
LN K& A A v & OFfEAHE EH % Figure 2-7(a)F £ ON(b) T3 BRI & IV CEHEI
Uiz, A X 7 —)bEK%E 151 OLTIRE LT RE R0 1208 4,600 DR Y =F L2 s
Ua—)L& 448 mM, & HIZA A AUEEAlE L CEIET v E=U L% 1l mM BfEL7- b
D ZFEHRIR E LTz, ~2.5kV ORI E B LN X 72 NEE 110 um, % 240 pm O 4
FreT Uz, YU URCTEAO TR Z 1.67mL/min TEALZZ, ZOXIIZL
TR DD MBI 3.0 L/min OTEFEEZER (B, K&KTE) 1I2X- T, FEEE
Fx L RXOT U Ly b E TSI, ORISR TAR - R A KT, R&NICE
248 L7z PEG 23 14 AU D3 EE L L TR LD,

(@)D TIX, 2K PEG 3 A A &G iex v U 7 W AT FLEEREC, o
B kA (kR L=1.8mm, WA Rn=25mm, /% Row=33mm) ([ZEHASH, > —AN
A it e 128 L/min OJEERSA T CEIBEE Z LIk SN D, Sk INior 1A 4 v O
JE ek st s (CPC, TSIAERL, 5L 3776) IC XV EHAIL, BRBEIE DA 2157,
—i)7e ESI-IMS Tlk, figRe LT 7 77—y IRl 7 hr A —2%H\%
ZEME, T (1) MG ET DT CPC TRIEBARATRERIZE/NES NI ENZ N &
Winz., ) EMBETRELEDFAA U NTRTHEEL TS, B) =L 7 b A—
2 DOMENHEHNELTLLT W EnD, L7 hrA—XIZX a7z L%
W= Th D, —J. ESILIMS AHFZETHU - PEG OEXBENERITBS L% 3.0nm T, £
7 V3776 ® CPC TR FIRAZ 27 V7 LT\ 5,

—J7. (b)DFEBRLEE TIL CPC DItV @ DMA D% B DMA %% & L. DMA Tk
SNDFA A OEREIME T Lic, 3000 EEEMEL mz D345 PEG D)
5318 4,600 Z W THERGM A TRITE S, LrL, BEESIEHISHTHNAEZETH S
720, fFEER TDMA N HRELNTL DA AV DIFEAERETHERTLE Y, KEJEH)
ED CPC & HRD & A F 0 ORHNIFENIEFITIELS 2D, £Z T, D)DK TIL, (2)TiE
3.0 L/min THo7=F+¥ U7 HADHEZ 10.0 L/min F CTEF T, RENOHERM 285 <
L. A4 ORBNBRZBL TWD, v U7 H AL DMA D5 fiFhe <
TOHN, I DE )~ —AF L OFREIL 3.0 Lmin DL X L EDLRNST-Z LD
b XY VT HTAOWMEITEAE LT TA T OWBEIZIIRESEELZNED E LT,
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(a)

UHP air +Z

3.0LU/min — %08 ——— 67""" . .,

(carriergas) .- . Differential mobility
= PEGions  gnalyzer, DMA

B |

;

Solvent: MtOH:H,0=5:5  Sheath gas

Solute: PEG4,600 NN |
Zp
lon mobility |Condensation particle
distribution counter, CPC
(detector)

(b)

UHP air Zp
:0.0 L/min )—4 “:F—1  lon mobility distribution
carriergas) .- ;

" ES| PEG ions DMA

B | —

/

Solvent: MtOH:H,0=5:5  Sheath gas
Solute: PEG4,600 NN

Charge distribution

m/z Mass
spectrometer, MS

Figure 2-7 Experimental setup for measuring only ion mobility spectrum (a) and relation of ion

mobility-m/z (b).
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252 EER#ER

Figure 2-8 |Z Figure 2-7(a)?®> ESI-DMA-CPC % F\CHlIE L 7= 413 S8 B ) A & o
7, Figure 2-8 DAY MUIZIL2 DO E—7 PHER S I, T E TOFMN LRI
HEDOFEHNWE—2 23 PEG OE /v —HKTHY | IRWGATICR O D b OIFEER B RO
HLOTHDH I ENZN2, LKA DH T A DMA W2 BITHIRORE R TIX, &
FEMOE—7 OY A ZRPAEDMHE L BIFIC—BLTWD 8 2o b ZONEITRY &
EZHND, B w—DOVA XA T EREDLLRVWEEHEROANEL LB
L&, B/ U= OFERITIMTES THITE 5, —FH T, 1 ETHERM LK O IH
ELHEROBBIC2 5 L #BET oL, WEREMETHZ LIXTE R0,

% ZC. Figure 2-9 (T Figure 2-7(b)? ESI-DMA-MS % W CHIE L= BLABEE & H &
WAL D 2 ot 7 vy M EIRT, AT ITE &I ORME BREEZ KT, P ORAIT
7 L7 #iPHIT DMA-CPC TELNT-E /~— A7 MNLO#EERELTEY . BESITO
FEHBRENTRL 7o o> TV AHEIE ZOfBENBBLE—H L Wb Z &5, DMA-MS %
HrZBWTH DMA-CPC LRI UG A AU B TETCND I ERNDDD, FHTHEZITA
HLTWB2, ZHEDMA ONfREZTEE LB L EZ N5, —J, PN FED
4600 Z W T Pl L7 EEM L OME A K ORI TR T, MENREL LW EE LT
EEXICE AN BRI X F 3MHEE TH o720, Figure 2-9 TiIF & A ER X W
LB ENn$, PRI L REREERDO 4 000 T EIMH SN TS, 72, B8
DT CTE LI AT VAT AT MVOWENRE ) ~—D% & (CH.CH0=44Da) &
HEBMDOLIZELL 2D L LT, #HFEHOTHLTES, Zb, FHEEEZRE L L X
DFE D Z O Figure 2-9 DR E1F E A ETR URERIZIR D720, 20 3~Tfli& v 2 HEHSy
MIEYTHDHEZZOND,

Figure 2-8 OE / ~—E— 7 [ THIEEHETH D —HF TR U LD EE &5 LT R 51X
JNWNE BB DMG O N Tz, AU, Figure 1-3 T/RLZERBY, HEROENE & H1250
THEED R AR L, BEMEENKE s 2 LICERT 5, #HEZOEMC L HEX
B ED EA- & EEBEE O X 2 EXBEE OB NFERHIE E 5720, HiEL T
WS HRETELIBBENZIEA S —EOEEZ R LIZU YD, DMA THEiCX7e{ 25 T& 72
{725, DFY | BEXBEE A HEAE CIXFEM IR ER O M2 RO D Z LIXTE 2R,
—. 2D XD BREMI A Th o Th, BESITEH EBENE ST A A GhE 5 2 & TH
B, R, EEMEAEORBRERIRICRS ZENARETHDH 2 LRI,
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Aggregate
>
*5 z=+3 to +7
§ Monomer
<
0.1 1

Electrical mobility, Z, [cm?/Vs]

Figure 2-8  The electrical mobility distributions of electrosprayed PEG 00" ions. A first left peak

is composed of aggregate and right one is monomer.
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Figure 2-9  Experimental result of ESI-IMS-MS. x-axis is mass charge ratio measured by mass
spectrometer and y-axis is inverse of ion mobility from DMA. Color shows the intensity of mass

spectrometer signal.
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26 F&OH

ARETIL, R~ 7 2 531A A v OMIERRHTIZ A DIV D FREME L - 0 T E R 557k
8 EEONTRFOJFESCHF BN OWT E & T, £i2. O ED 4,600 DR Y =F L
7 ) a—)v (PEG) &5 TA A& LTl L, EERIOEERITZFE M L7z, 3. M
STIEE S R & Mitde & U CRRE G R W ERBEBEE O T 5 L E S v —F
— 7 BN 1OE TR STz, RIC, BEOFEHE AW T, EXBEE L X OVE & & Sl
DA ZFHT 5 EBEBXBHESHT CTRONTZOE ) v —E—27 O — 7 3+3 22 H+7 il
8 L72 PEG A 42 TR SN TWAD Z LR STz, ZHUXESRD PEG 43141 A
BB DHININ & & HITMER L7 R, EZERmfEA M L, +3 22 o+7 i EIC BV TURIE
HLWEREBH#EZFR 72720 ThHD ERIBI LT,
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3 SFRNFEZRAV-EIBEEDOHE

3.1 [FL®IC

2 #? ESI-DMA-MS % W72 01 71 CIE AR CH B, 0 T3 L OE 22 m i
DIEFERPEOLNDN, ZNHNBaTFD 3R, 4 RBEET Rbbar 7y A—va %
/52 LTTERY, £Z T, ESIDMA Z W a o7 4 A—3 g URITIZEARRINC 5 F
YIalb—varity Mibil, ESHIMS-MS T& LN -HEHE L OVE BOEREZ T
Ry ialb—var TRFETNVERBT 5, 22 CARRLIES BT VOFEINEL
Pl 2 METH Y . ZNNERBEELERMEE CTH L, TRDL, B FET /VDORY
EEMT 720, v alb—ray ETEIBEECE SN R A HEE L, i
BT B MER D D,

INETOHRTYIalb—yaryERAWEEKIBEE (EEFmiE) 58 iy rissE
BEET ABHNLILTNG 20325902 =i, 3 FREEDKE LD B 720U INRL -0,
EMRTORHITH L TTEE I X FORTAHAITH D, LML, KL THEAT L LI~
7 v oA A 72 EOMKRLF OREITRF 2 A 2 L 2L L TWD T2, T D OfRET ISk
LTIERWIERITH D LITW 2R\, S BT, BUEDA A BB & E R E - &~
ANF =D~ O LD IRIEPHR DO mEm T R F = TlIn FIEmin T, 2 bk
e L BICERRBEET 5700, FURNICABEZE L LT LFETEEZ AV
5 E I Ty,

Z 2T, AW TTIIEE ORFEIZ b 2 B R CX D5 EGIE L LT, 00 H 5500 18
5% W IEBUR B OF RIEICE R L, EXBEEHR~OBH TRitEEREt Lz, &6
WCEENRFEEE LT, #ES TSR A0 TE8hhFEyIab—ya v ErAVicE
R[REBEEOHE B OV THRFT L, b 2 200 TEEEBFREET VI, FET
TNERD LIXDCHEEN S 8D, TOEITY THEEOFHERMZ O b 00, B
FINCIXBIER DI NWH A T O E TR OVENRSDH L, SHIET T AEIEL
AT A0 OBEICERT S, 29 LEdHa X NETOREZRE 2 THITEDE
K[EBBE ST TR X 2BREZMIAT 572012, 0T HEEEHTT VORRERRD ST
5o

311 HFIalL—2areERnFEhEE
DEYIal—rarEIERESNTHE RA AL IR ZRE L, JRHI2@ <
HAERZFWT, RO 2T 2 TETH D, P THOTEIAFEIE, RO EE
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Figure 3-1 Concept of the predicting the collision cross section (or mobility) using structure fixed
molecular simulation.  Upper panel shows the concept of these simulations. The momentum
transfer is calculated from the difference of initial velocity and reflected velocity. ~Lower panel shows

the reflection models used to calculate the reflection angle and velocity.
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Figure 3-2  Trajectory of an Ar in Ar gas (a) and time development of on each direction (b). Color

bar in (a) shows time: the color is getting lighter with developing time.
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(a) Mean square displacement
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(b) Velocity auto-correlation function
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Figure 3-3  Time dependence of mean square displacement (MSD) (a), and velocity auto-correlation

fuction (VACF) (b).
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Table 3-1 Comparison of the diffusion coefficient in 300 K, 1 atm with different gas species [cm’/s]

Gas molecule Reference MD (MSD) MD (VAF)
Ar Ar 0.185 0.182 0.183
Ar* Ar 0.040 (273 K) 0.074 0.075
Sisyr Ar 0.020 0.016 0.017
Sior” Ar 0.014 0.011 0.011
Sizes Ar 7.5x103 6.5x103 6.8x103
NH.* He 0.742 0.774 0.774
NOy He 0.702 0.843 0.869
(Ala)s* He 0.174 0.172 0.179
(Ala)s* He 0.155 0.155 0.147
NO2 N2 (mono atomic) 0.142 0.133 0.144
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TIME = 1.255000¢+002 ps

Molecular ion
- TAA
- PEG

Figure 3-4.  Snapshot of molecular dynamics simulation for electrical mobility calculation. As gas
molecules and target molecular ion, 200 nitrogen and a TAA/PEG ion are arranged in cubic

calculation domain (L = 20 nm). Electric field is applied on the x, y and z direction which strength
is Ex, Ey and E..
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Table 3-2 Partial charges on PEG and NHy" molecules®.

Molecule = Atoms Charge [e]
PEG H at chain end 0.435
O at chain end -0.7
CHzatchainend  0.265
CH: 0.25
O -0.5
NH4* H -0.8
N 0.45
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Figure 3-5. Time validation of electrical mobility (PEG1,780, z=1).
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Figure 3-8 Time dependednce of the orientation of +7 charged PEG3,538, obtained by the MD
simulation with electrostatic field. The orientation was definded as figure in the graph; the angle

creatied between electric field direction and the line connecting end-to-end of molecular ion.
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Figure 4-1 A depiction of ion motion to the limiting sphere surface (upper left).
Determination of the probability of collision for an ion initiated on the limiting sphere
surface with an ion initiated at the center of the sphere yields the ion-ion recombination
rate via equation (8). Molecular Dynamics simulations (depicted in the upper right)
can be used in lieu of traditional theories to compute the probability of collision
accounting for ion-neutral gas encounters. lon-ion motion yields either collision, non-
collision, or orbit (lower line) and any theory defining the probability of collision must

explicitly state how each event is defined and accounted for collision probability analysis.
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BTk D X 951272 5,
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Fuchs DE7 /L 86135 4-11a &K 4-24 Z M5 7210 CHEISHE ER A2 F I TE 2729
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SR EGEREDHE C—E, (3)Limiting sphere DA X)SRi D EEUZBIR < —E LWV 3
DDORERPEZANTND Z LITERT D, (1)IFFFIC Fuchs E7 VO RERfEE LT
LIELIEEY B o 879, REi TR % Hoppel and Frick OF 5 /L 8 X Z D H B
THEE 2 SGE L7 D Th D, Limiting sphere NI CTH A3 +DNER T2 Z Lz X 5%
F-[1fE% (three body trapping) (%, $FIZ, KD A XD/ b LBHEICEN D, £72.
(2) & (3)IZB9 L TiX Gopalakrishnan & Hogan® T ST\ 5 X 512, a1 OE%E %5
Z HBHCHIE & 720 | Limiting sphere DA XA (K & LCTBI<) #EXIOERT
LHEPAL Y+ REL RV, HEORRSGME L TERKDHELZBET 2LERD
%o Z OFEKVKENEE I AHE OMEXHED 72 53, FMAAE (00) ITx L THEEL L
FIFT, EERIC, KX TIEZ OB L Ut T 572D T v E=U AL A (NH) &
fefbZ=F A 4 (NOy) @ Limiting sphere ~Jii A9 20 AG &2 GH5H Uiz, WA
Limiting sphere ~F DA 420 (x,y,2) = (0,8,0) MHIRATDHHDE LT vo=(vx, vy, 12)
=, Virtve, i) & LT2e 22T, wald 39 RTEHEX DML~V T AT 2 LR VY < A
WHY TN LT A A DEBGEREE TH Y |

m. m.v,
f(v,)= 1 exp| ——1 " 4-25
( i ) 2k, T p( 27k, T ]

Dije e

V== 4-26
© KT 4dneyd

Figure 4-3 TII3-9 & 4-26 725 7 > & 12 10,000,000 1 O 2 U, #esR5% E BI %L
(®n"1ove000) ZAERK LT D Th 5, FRERITHE OHMERHME (vo> = vw?+v,2) % it
FERZ FOaE GRAARE, 0o=cos'(w/v) ZFLTW5D, KK AL He 2V, i
FE1E 300K, 71 1025 % V>, Limiting sphere DY A R(FXTH 272, ZDLE XD NOy &
NH4 OPPEEI Table 4-1 (TR 3L B0 TH Y, EEERITR 2-12 ZHWCHE LT a5 =
3.35 A3 Z 7=, Table 4-1 OHIEBFRELIE Fuller O 10 % W THEH L7z NO, & NH; @ He
HFIZRBIT IR ECTH D25, He DBRRMN LA/ S W2, A AU iFile I X Dok
REOER TITEHE X 5 & Lo, X O SEHIE IR 2S00 2 4 < A M E0c (X 4-18 H»
5 be=sinOc # HNWTHITEZ2) 2K LTEBY, ZhXVEETOWMRASZETIHRAT D L
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BE% A5 L. Limiting sphere DY A X(IEJEIZERE < 0D, ZHUIETDET & & I
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Figure 4-2 Schematic of the calculation process of the ion entering flux to limiting sphere. The
ion flux density to a direction is represented as total penetration amount through the infinitesimal

surface ds.
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Figure 4-3  Heat map showing the joint probability distribution functions (pdfs) for the initial angle
(0y) and initial relative speed for ions enter Fuchs limiting sphere considering NO>  and NH;" at 103
kPa.
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Table 4-1 Physical properties of NO>y and NH4" used in this study

Nitrogen dioxide Ammonium
ion, NO2" ion, NH4"

Nominal Molecular mass [Da] 46 18
Diffusion Coefficient*Pressure

7.02 7.42
[m?/s-Pa]
Electrical mobility*Pressure

273 289
[m?/Vs-Pa]
Approximated Radius [A] 1.775 1.575
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4.2.3 Hoppel & Frick DEFJ)L (Fuchs ETILDEIE)

HTE Tk _7= & 9 |2 Hoppel & Frick ME 7 /L 8 % Fuchs &7 /L 8 O H #4551 fEI A E
EUGELTE DO TH D, ZDOFT /L TIE Limiting sphere NENZ I8 5 A A 43+ & R [H 22
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<A T e A BRI G INTITERAEANCETZE T 5 &\ 5 E T /LA Hoppel & Frick E7
NThDH, ZIZTO “BbH72WEEEE” 725 trapping sphere DR TH L, ZD L HIZ
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HIIZ Fuchs E7 /L L0 & mWEZEHE ERZH T 5,

Hoppel & Frick Ti3 Limiting sphere D% A X %3 =y + Ay (£721Th; D00 12K 4-12 T
ERINDIEHANDHZ L H D) LFHEF L, Limiting sphere 7> H LA L7k i 2318y
O trapping sphere (Z{ii A (trapping sphere & #%2) " 5#ER%Z ps& L. & HIT trapping sphere
NN LTCRLA- @ D D BIEFSENAE ay & U TRAMEBITRI T j Sl 2R % p, b TD L.
Limiting sphere &$77- i & OEZEHE EBITR 4-18 12 ay=yZRA LT b D& p,DOFEE LT
KTZENTED,

Bs = WXZCUY(X)' P, 4-27

WIZ py &8T5, £7. K1 i trapping sphere |2t A%, trapping sphere P'\]%ﬁﬁﬁ‘{o
HHEfE % trapping sphere ~DJEAFGEO & VT 2ycondy &Il 9 % (Figure 4-5 H12F
j‘fé@ﬁﬂﬁ‘?) o Z Z T, Beer-Lambert HI| L ¥ | Fi 1 i 23 H A5y & EZEHT1C trapping sphere
WD MERIIIRATIRBE & A A O EH BT & DD exponential & LT exp(-
ZXCOSGO/KU)’C?Eé?}’L%)D ZOET TR, HADT L OEEPRLAj & OFERELE®RT D7
D, exp(-2ycosO0/A)EA Q) & U THA LRI 1 i BRI 1j & “MZe L7eY a2 R LT
WD Z LIl D, b—=2D “ERLARW HEREZFRE T 5728, Fuchs DE T /LZHE- T
WUNKIERE dS ZHAT D & dS HRORL i ©7 T v 7 213422 ERBRICERT 2 2 &
MTE, TNEERELLRWEROEAENT 5 & T h—2LVOERELR2NVHERIELI
Do

Ilm 0 ij

x” c;ni (8) 1 exp —2y,c0s 6y, s 2y,Cos 6y,
2)( 4n kij Kij
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Figure 4-5 Schematic of the calculation process of the collision probability in Hoppel and Frick's
theory. lon trajectory entering to the trapping sphere is approximated by broken red line in this
figure. From the length of the ion path and Beer-Lambert theory, the penetration of ion i can be

calculated.
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N5, LLEX Y., Hoppel & Frick D F 7 /L% A 7 > [ O Ffl & @ E ER O FHEITHN S
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TR D FE » FFEERET VHWVWLITEY | KifOREET /L E L TCOFHANEY Th
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— . Filippov? IZ L > TIRESNZRX4-10 IR D, Z ORUTHE R R EE T E2eme R
peDHTHY | FFI T IVTERREERZ/L N TEDL, MDY a2 b— g
T 2 OFEMERZ R T 2 72 OICE BRI DR0F i % Limiting sphere D ZK [fi
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LIz EZIENDRREBEEFHTEZLXL0IC LT, & RAAL VIEFIZENENDOA AU %
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F DEB) & 5y F B HEC L0 B BERINE 1.0 fs THERANCAEE | Figure 4-6 (2" K 5 72
K OB 21520, Z O (1)E2E, (2)FFE2%E. Q)W A ATRED 3 FEICIRD X 951257
¥9 5 o (A A RIOEEENE IR ay L0 b/hEL holb & QA A RO EREN
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Figure 4-6  Depiction of relative ion trajectories during a single molecular dynamics simulation (100

kPa). Each ion (center ion: NH,*, entering ion: NO>) is surrounded by 10° He atoms which do not

interact with one another

but fully interact with the atoms in the ion they are assigned to.
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4.3 Continuum-Molecular dynamics ;% @ 5T
4.3.1 Limiting sphere M FFDEE

AWFSETIE Limiting sphere 284 i b9 57290, RKXUEIEEE (100 kPa) D Sff Tl
HiAR—"> 78 715215 % IV C Limiting sphere = & O 22 L OMEZ4E S EROH H &
Fhi LTz, TDE&E, EIERITMIRE e A A M OEZREERE & LT 2-12 & IRBRED)
BROONDA AR aBEL Vg OFE LT a;=3.35A %5 27=, Figure4-7 |F33L%EfE &
L C Fuchs €7 /L 8 CH 5415 Limiting sphere {128 & IV, Z OAEIZ %2 HL (8/5F)
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Figure 4-7  Resulting probability of collision (a) and recombination rate coefficient (b) for variable
values of the limiting sphere radius, 6, normalized by the Fuchs limiting sphere radius, equation 4-12.

The recombination rate coefficient is normalized by the hard-sphere continuum value.
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72 BB T MD Efﬁ—“(“ THY P 2 72 E E R A>T T Limiting sphere Z B35 6 DO TH
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Figure 4-8 The probability of collision, (a) & (c), and recombination rate coefficient, (b) & (d),
resulting from molecular dynamics calculations in the absence of gas molecules. Dashed lines
denote the continuum and free molecular limits in all plots. (a) & (b) correspond to ions initiated
with initial velocities and angles accounting for both thermal and electrostatic effects, while (c) & (d)
correspond to ions initiated with thermal effects only. Closed symbols denote orbiting cases
considered as collisions, while open symbols denote results considering orbit ions as non-collision
events. In(b) & (d) prediction of Fuchs (1963), and of Hoppel & Frick (1986) are shown. The Hoppel
& Frick predictions are based upon the recombination rate coefficient at 100 kPa from simulations as

an input, leading to the c values shown in each plot.
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Figure 4-9  The probability of collision as a function of 0y and vy at 100 kPa, for simulations with no
gas molecules and ignoring orbiting events (a), no gas molecules but counting orbiting as collision
(b), and including gas molecule-ion collision (c). For the three examined cases, the resulting
products of the probability of collision and joint probability density function for the initial angle and
velocity are shown in (d), (e), and (f), respectively.
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Figure 4-10  The probability of collision (a) and recombination rate coefficient (b), both considering
gas molecules (triangles) and neglecting gas molecules (circles) wherein orbit is considered collision.
Closed symbols denote initial velocities and angles accounting for both thermal and electrostatic

effects, while open symbols are for calculations with thermal initial velocities only.
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Figure 5-1 A schematic of the molecular dynamics simulation setup used in recombination rate

coefficient determination. 0 and v, refer to the initial speed and entry angle for the NO; into the

limiting sphere.
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Figure 5-2  Optimization of the limiting sphere radius.
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Thermal relaxation (NVT)

There are two domains and these domains are completely indipendent (even electric force)

500 ps 1us
(dt=0.01 fs) (dt=0.5 fs)
Malncalculatlon (boundary NVT) 7 7717(7)6753"”"7%1756 ps 7

(dt=0.5 fs)  (dt=0.5 fs)

ge & @

Using these conformations,
calculation will be started

Figure 5-3 A schematic of the calculation flow of the recombination simulation. The simulation

has two steps: thermal relaxation (upper panel) and main recombination calculation (lower panel).
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5.2.2 ZEBEAZE (ESI—IMS)

FrEMEFILICE > THRAELE PEG 1A A4 v OELIBENEBENEL /340 D Charge
reduction W%, Figure 5-4 TR TEBRRER A HWTEHI L7z, 2 EEFERRIZA X /) —L &
KZE 1% OIETIRE LTIRBE )0 T 823 4,600 DR Y =F L o 7 —)L % 448 mM,
EDICA A UAURHER & L CER T VE=U L% 1l mM IR L7 b D& FEETE L, AR
WE U TEAMCHE LTz PEG A 4 v &5, AL PEG 514 4 2 & S EmE
(YAm) 12 XD REROEHETERT D RKAA A LIRA - B LTz, EBEIX Y Am 25
IFEAA AL DB TIERIRERBEDOEA A2 b AT HD, EA A U RELOFEENEE 5
ZEIEFICHTH LI, TORBIMETELILOL L, REnE BT 5 a2
DHEEEZEOX v ) T AR (Oss) ERKA AL DOF v VT HAE (Qam) OF1%E
6.0 L/min T—EICRHRN G, 2 DO EEBL ST, 1A 4 VIR RS R IE
WiEm <, MEIZK DT XY U\ BIETLENER D720, 2 SO &I L VIR
WNTOAFT L OREREEZ D ENTESD, —FH T, #BifiE (6.0L/min) BLO, BA
FROWFE (39.7cc) LV | RGNS T DR T 72 b BHIREG R A 0397s & LT,
JEA 1% 3.0 L/min % Figure 2-7 THW /= DMA (28 A L, 2< A U%MHCPEG /1A 4V
DELKBENENTE 21772 > 72, AFFETHWZ IMS ¥ 27 AMIERWEXBENE O PEG 71
AF L ERERT ICHBEL ., HERSMOTHT L2 LN TE D, ELOEIZ L 5E
KBEE A DL LA BIEE L, FFAEEE, 37246 Charge reduction W £ 25372, Z ® Charge
reduction WHEZ T I a b —a bz, 72, ZORKTIEL 2 BERRICH A4
v DPEFE ZBEfERE R A (CPC, TSI AL, €5 13776) CTrHlIL T\ 5, —#%f72 ESI-IMS
T BRHESRE LTI 7 7T —h T REOT LY ha A —2ZH\5 2 N0, 2k
(1) M ET DM CPC THRHATRERIZE /NS NI ENE N LTz, (2) #EmE
FETRELESFAAURNTRTEEBEL TS, B) =L ba A —F OFEN LI 7
VXU TN einh, L7 ha X=X IZXRHBRERRZ ENENT=DTHD, —J7,
AL T HVZ PEG OEXBENERIZB L2 3.00m T, €7 /L 3776 ® CPC T FIR%
Z7UT7 LTS, EbIZ, (b) ORETRET 2 (RKA A ) 13RI A XD/
SNA A THDHH, CPC TR E A, DE D, CPC Mg LTHNWS Z &
T, PEG A A &R A A % 5BELT. (PEG A A0 DFH D) BEXBENE AR OFHH
AIREIC 7R D,

Z 2T, IRAEEOA A REEIE, Figure 5-5 ISR TERBRKIRT L HIC, HEEEL
1EIE LRI A#AIRICBIT A2 TV IREEZAF AT ZIZX VL, b Oxf
FovrsfE L U GEIL TE 272 (Figure5-6), £7-. AA 4 OEXBEIEIXTEXBEIE
WHRDCPC %77 T5—h v FICHEE L T Figure 5-7 D X 5 IZEHAITE 5, HRAHMIT 1.762
em? V' s T, BEEME CRIE S BB L& LT\ Z LB ARIFRICE T HH
M EIIIT R CIOEE WD Z & E Lz, LMLBERL, v Ialb—ra AT
WD NOyA A 0% 2 Am B IRAET DAL 4L 2R BCHIH TE RN, E95HE T
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EELRET S LR TH D, I TAMETCIE, X431k, HrEIETEDS
NI E T A — R T L, EBRTHW-AA o OWPEE 2 VTl e i s
LB+l TyIal—3ary—EREOEAATREIC LT,
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UHP air Negative ion source
Q,., [L/min]— 24Am

UHP air
Qg [L/min] — Mixer ~ 3 L/min
H.V. (2.5 kV) Qun*Qes
=6 L/min i
Electrospray DMA

Solvent / (PEG ion source) — Zp -
MtOH:H,0=5:5 ‘ lon mobility
Solute CPC | distribution

PEG4,600 solution

Figure 5-4  Schematic diagram of the experimental setups used to monitor the recombination driven

charge reduction process.

Q,,, [L min]
UHP air MFC 241Am
QAm+QES
=6 L min"
MFC 5 Mixer o
Qg [L min]
N. . —N. N .
Nion — 0n,1n 10n,out Nionwin Ion Counter Nion,out
In (Nion,in / N, ion,out )

Figure 5-5  Experimental setup for measurement of flow rate depending ion concentration generated

from radioactive material **' Am.
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1.8 T . T T ' T T ® Nimn;in
1.6 | L .
14 | .

1.2 ® Ni::nn

08 | ° | Ni::un:out

lon concentration, N, [cc'l] x 10°
H

% S .

15 2 25 3 35 41 45 5 55
Qan [L mMin 7]

Figure 5-6  Experimental setup for measurement of flow rate depending ion concentration generated

from radioactive material **' Am.
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Figure 5-7  Mobility distribution of negative ion generated from **’Am.  The mean mobility is 1.7

cm?/Vs.
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53 MEREBE
531 YIal—IaviER

Fex DMBIRY TIX, AFFRITEMATICEBT 2 2 HE L7011 4 @ Charge
reduction EE % A A URIFREGEEER NS MD I a2 b—rva a0 TEESHLE
IZLDTORHITH D, B TR LB+ KEWVHFEE © D Limiting sphere & FHV 5
ZEITMAT, EEEHORMEL VP EETH D, AIEOMENG, SA IFHEZEHERLE LT
FFNENZ EDRFEDD BT WD —F, IHEKIED PEG 5314 A O “fHieiRE 13
EFHRTDMEND S, Figure 5-8 I MD ¥ 2 = L—3 a3 U bR L7z PEG 4314 4 D
A Z & OEHE TR L, RO E L TRT, T TOFRSMICBNTSA
THAK 100 FIOEZE A FER L T D, TR TOWERITIW T, HREERES o n g
T FE - EOERBEERAE R L TODN, &5 —EOHEMELL RN D & 58 4L fr5e
HEEOHEME & I EF LD D, 20 L5H Uik 2 @22 B B CE s U7 il e B,
Tl b EBROE LM 70 5, AW CIL, B EEHD . B OfHR TR S A i
il = SADLEZDMEEY 5% LA LIS At ER L7e, ZOERICED &, 2=
1 Bz =2 DS THFA A OFRIEEEIMEN 2 &R L v b K& otz, Th
L. EEEOBINE L LICHRERT LUy ANEEERITTREANKZ L LTS5
Th b,

Figure 5-8 MM TR I NHEREIERE=5 A L L7= & 20 | ifFEIC BT D HiZei i
EH3.9x 104 m/s [ IR D E R E - ITERFHK FICHB WO THE STV D A A U WS
AHEEH LD BIERWVEZ R L TWDER, RFETHN TV DY A IR T 5 FER &
VR ab—va rERIFERHEOEBEN R T ARb Ty GEEBEICITES
R D MR A & T b 5 ) . A B> T & 288 PRI B
IR <KAF L, IliFE L 7TMHE CldBB L2 3T LR D,
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Table 5-1 (Z Limiting sphere D41 A, Figure 5-8 7> 5 WA & - 722, 5 A O & X Offf
RHEEHB LSO, K 5-1 M ORHE LW mEs e (NVT 7 o4 o 70 2 v TR
L7ciED bRk T) 7T,

_ [2me 5-1
>om,

ZIT. mBEOrITPEG ZMERT DT i OBEEBIOCHELNLOHMTHY . LT
FARNDOGREHE PEG T OMEEAZRT, 1 BXO 2 MHEEOMKREL & T, (Al
21X Figure 5-8 70 ARG o T HZEHEREL U /NS WEZ R L TS, BLERENZ &2
BIO 2 i EO RN ERIIE L A EFR CEICZ2 D . FHEEEECES LT ity W[E%?E
LTW%, EHIT, 4~6fiHFEICENTH ZNDLIXIEEA LR UEEZ R L, HEE L2
FEEE & RO MICHER R AT L Z LT TE R o7,

Figure 5-9(a)lT Figure 5-8 7> H RFE S - 7228 hlfE 2 NVT 7 > %0 7 v & 7= 2 fn
MO/ ONTFHEE & bIZ, RO E LTE L, 1lHEL 2 MHEEDS 1%

FFEALERL GIB) ThoDH, —FH., 3MlEND S HIZSMIZHE L7256 TlL PEG
A%% F AT EROWEME & BT 72 D 0 FINEROFRERFEIZ L IRAICHER LT
WSERF BTN D, ZOMEEE & bIT, WrmEEs 22 :U(?‘-S <720 1 s 74
FCOLEETEBEESHFZEET DI EDBMHEND BT, 4 006 6 it EIC I T 2 WrikilE]
R PR DMEFE MR I SN TR L IT R D20, ZHVUTEERIE & TR ORE AL T
HY . DTRROPBHRIREINTER T2 & FHEIND, TORHLE LT, 3-5liFEICH
W TR & 7 i AR OFEMEIR 2205 fEsE STz, EEROE LRI AR 7 > o % /L ITIKAF
L, BEIZETIERWZD, T2 THEH L TWDHEEFE - #EEMITBE 1L - SR ERE
DHEDTHD,

AAFZE TN U 7= FERRAE SR & DLk LW AT LT, BEfE DK I35 1T % B E S

BT DR L DB bITR o7, BIETHEA LI L IS, =7 v YLz EBsiT 55l

WIS I T DLFEO—HOMIENZ LV | dkx RRiF- RN T 23 v b ke b TR
JE& I RE7R BER TSR B ERHE R AR R - R SN TE e, 437 TRINHHEERIT
ZHVET, FEERIBRI . TR 2, A A 105 ZDMORI-73 & 004104125 Z g FTER
HEART v MO O TIRWRLFIZEA PR TH D 2 E R SN TE 72, H2EEEE
DR TTAIZ L EE 72 4-31 1T ayj & L TR I HEZLHRHEX
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Table 5-1 (27~ 9 @22 ERE (REFREREE) 2 M, 5B 1 205 7 DJIEIC 33.5, 90.5, 30.6, 22.2,
37.5, 334 B X ON1583 5%, KnplE 323, 443, 9.71, 527, 723, 534 BX 210 L5
Z 7,

Figure S-9OO)IHEER & > X 2 L— 2 URER A Il U725 T Figure 5-9(b)/K U £
D7 vy FTERT Hus IIERIITEERS LOMEEICB T 2 HEEE e s ELL 525
ZERFBNTWD =K, & Knp £7213E Ve (36 1T 2 R I 22 BE i 4502 1/ e Al 3 %
ZENEHSNTWD, ZEZTINEEEL, & Knp 3 X OV W OB EE A HER /[HE 72
A& LT, Figure 5-9b)Dfk =M ~7' 1~ FTRT HKnp, V) UTEFE I N, (RIFEALLE
FUEZRLTWDS, ZROOREREZLEL D 1 lHFEORE LR T, Continuum-MD
THER U7 EERIT Hus £V 2-5 (FIZERERMEEL L > TS, —FH T, Chahl &
Gopalakrishnan” OHEE A K & < FE DR G LT,

Chahl & Gopalakrishnan O H#E% X % 1% Gatti & Kortshagen!0 23Bf%& L 72 Wg = 30 T8
T AIEREDA A L AmEOR R OEEERmZ RIFICHBE L TWD Z Lnb . RIF5E
Wb ATEERIZT TH D, £ 2T, BIEROT 4 v T 4 T EITV, WY e /S R0
RAEL D #7203, WT o222 R A LT H 4-37 Tid Continuum-MD Dk 5%
BETERWI RO ol ZOAR—BUIxE U TR T w48 & 9
LT ET IR E RO E N LR & AR ERDIRFDLETHD LV D,
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Figure 5-8 The recombination rate coefficient B, inferred from continuum-MD simulations as a

function of the collision distance used in simulations to identify collisions.
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Table 5-1 Summary of calculated values in this study s simulation for each charge states.

Recombination

har Limitin her llision o Radius of
(s:ta?ege radius,gas[%]e ) C?igtaige [A] [gitFmC?’?ser )I(Cf]%n} ,  Gyration, R [A]
z=1 1056.6 16.57 0.0393 104+ 01
z=2 1761.0 12.28 0.354 10.4 = 0.1
z=3 1761.0 54.93 3.21 39.3+ 174
z=4 1761.0 100.00 8.34 450+ 16.6
z=5 1761.0 74.11 12.3 455+ 124
z=6 1761.0 100.00 18.3 458 £ 3.4
z=7 1761.0 245.65 30.2 55.2+6.2
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Figure 5-9  The estimated collision distance as a function of the net number of charges (charge state)
on the PEGf" ion (a); a comparison of continuum-MD simulation results expressed as a
dimensionless recombination rate coefficient (equation 2a) in comparison to previously developed

dimensionless collision rate expressions (equation 3, Hys(Knp) and equation 4a H(Knp,¥g)) (b).
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532 ZEE., ¥Ial—YarBlUERDLLE

VR 2 b g URER A SRS R & T D B §RENE R T84 L 72 PEGuos” O FIHI AT
BEOARRD HND, & 2T, AWFZETIEZ OWIIH B 2 E BN E2 L Y Figure
5-10 DX ST H 2T, WMEBSAADT 4T 4 > 7%, Figure 5-11 TET 1 flifrEOEZE
B3 B3R T2 PEG O EEG A 2 Hv, AL z D530 OB 4600/z & ARGE
L7, Figure 5-11 TIZEEEDOZAMNIERDAICIE, 551 & BLBENE OREFRDY Saucy
5 2R RE LT Z,12=0.0936M,,'3+0.355 12069 & L C EHAE DM HER Uiz, Z OfE %R,
SR oy f i 4,399, FEVEMRZE 413 g/mol MDAV, ZNEHWTHESTTOREEZ 7 + v T
4 TTHE FIHEEESAE LT 42.1%E=T7). 43.7%(E=6). 6.9%(E=5). 5.0%(
=HB I 23% (z =3)MF 507, Figure 5-11 D7 4 v T 4 > 7 TEHONIZEKBEED
BMEE (Z,=0.28 cm?s™!) (XBRERAFHE SO, HURRFICH W2 PEG OHEBAREHEE 12 b Wz,
Figure 5-10, 1D A7 FLDIEND & 9 £ PEG DF J ~—CH2CH20 D4y & 44 % 4545
BECTRLIMEEFRECTHD ZE0DH INOOHMMN, KE LI HER TR S LT
HEWR D, —FH, BESWOBPFETERERE CTH 2720, 5500 (7)1
BREL) X EIIRT T 5, Fio, RIHERORIENZRIT 5 ¥ 7 LR E O $ # BRI
A3 5728, Figure 5-10 DA HEHE, BOMERSMMEHEL 2 SIFIELWEIETE AR
Vo ZAUTHNA T, HEEITKAT LA £ <°, Charge reduction TNz A A R AL
(Figure 5-6) . 2% E RN HFBERIC K L CA— & —CEMLT 2BEOR S B L, v
2 L—3 3 Y THWE NOy CIEEBRIMICRAE LTZADA 42 Z2HBR0 &V o T2 RSN
DAMFRIZIZZ N, £Z T, A, TRNOOREFIMEEZ F L ol-iiizl LT, ERfER L v
T2 b= 3 URERIE 0.5Bm < Bz < 2.0Bsim PHEIPHATHI TE 26D E L7z (Busim 1.
Continuum—MD 7% T 51172 PEG4,600z+ D EZ5H E EH) . VI ER S B L0 2 =
L—3 3 Uinb b B AT RS O B TETZOE B E R A VTR O TR A R x|
AT DR ZE(L 3 E BN D,

3 2 3. 2
%:(kanion JLaij,Hl LIFFR) Hz+1 f _M fzj 59

dt m Dij Nesn 7+1 Ne,

red

IIT, FoE0zRAFZED z BRV 2+ LEHFEICEIT 537 A—F ZFKR L, N T
AT DOWEEEEL TN D, mrea X Dy 72 ED/8T A—ZITADA 2 & PEG OMISHE %
BT, BEHITAF LIS LTHZ T, ZHUE NOy IR, PEG &
B L CTHOREVWEDHNS Z LR TEXARETH 5D,

Figure 5-12 I Figure 5-4 M%K% FIVNT1772 5 7= Charge reduction |2 L - T, BXEH
FESMTISER LT BT AR LT B, BOT 1y bR R0 SRR
EHbEILE/ v —DE—IET 4 v T 4 T LIERMREB LU BORRPEEERD £— 2
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74T 4T LIERERL TS, BOBHIOMEY (Oan/Qrs) ZHCL. AA A
YORREN B35 & LB, RNBEIEIC 2 fifFE, 1 iHFEOE / ~—HRkO e —7 238
No, HERWESBIEN DR L0MIT, KBEEABE KL 028 cm?s T, 1 lifFED 7
AT 47 DEME L BIAFIC—EL TS, £z, TROGADRMED 0.28 cm?/s DR
2 fEDEERTZ END, 2MMHENE ) ~—Hkor—7 Thb Wz D, MD THHIL
T2PEG DAL T A —a by 2B E TIIHBE LM L TnD Z b, B
2l L 72 BRBEE A TR LTV D,

Figure 5-12 72 bR D72 1 ik, 2 fifrER KO3 -7 i EOEIA % Figure 5-6 72 H 5
ZONDHEIRELLDA A PREICK LT F ay b4 5 & Figure 5-13 DXL 912725, BkRE
K52 D OROTMHEEIMOELEER L, BVDBIED H RAEBL¢m Ty BWEHED 0.5 Bsim
E20Busim XL TCND, ki@, EirE oI 2 b— g VA ET DO RSN
DRNZENTRENDTZD, HEIZIE, 7 L—TBD D5 I TV D EIK 0.5 Brsim < Prsim
<2.0Bsim V2, £ 2 KOFERTN 4-36 B LN 437 THREINDHEERER L TV D,
3-7 it BB O FBRAE R 2 ROHEEMZ i35 & FERFERITR 4-36 & H_Th7en g 4
VETHIGHES, 2 437 L0 b 20 A ERERINTVWS, Y Ialb—T3
URERIZ IS 2 OOHEEMOM ZHER L, ERGR RITE ORZEHINICB B L ZINE -
TW5, o> T, ZOFEIE Continuum-MD ¥ 2 = L—3 3 U NI EE LI FEERIE A 4
> ® Charge reduction S EHEEIZHWD Z &L DZEYUMVELRIEL TV D Z L AR TE 12,
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Figure 5-10  Number of charge distribution measured by mass spectrometer.
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Fitting of the singly charged PEG ion's electrical mobility distribution. This figure
The plots are experimental result,

Figure 5-11
is showing the part of distribution in Figure 3(a), O.4m/Qrs=11.

black and red lines are fitting distribution for singly charged monomer and aggregate, respectively.
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Figure 5-12  The electrical mobility distributions of PEGyso”" ions as a function of the bipolar ion

source to electrospray source flow rate ratio.
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7>3 Cont-MD Eq. 43¢

1 N i

Experiment : Plot

0.1 | Theory : Solid line
Simulation : Broken line /
(long = Hgp,,, short = Hg, x 0.5 0or 2.0) Eq_ 4-37
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=2 Cont-MD
1 \ E
Eq. 4\.?7 I g
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Figure 5-13  Charge fractions inferred from electrical mobility spectra in comparison to equation
5-2 predictions using equations 4-36, 4-37, and continuum-MD (cont-MD) simulation predictions.
The short dashed lines denote application of equation 5-2 with H, = 0.5H, g;, and H, = 2.0H gj,,

where Hj g results from non-dimensionalization of continuum-MD simulations.
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533 fERICKDINFHEEHEHEDOARENE
KEIZBITDH IO EODWFERGN, BMAOREES IBRFERT 2T A 5 BROM

WrTd b, PEG A A IIEFICEMMCHEL TWDTD, ADA Ay (AvIalb—vay
Tl NOy) & DM A 72 B EL <, fERE LT, WA A O/ERITFFEFITRE 2
HWETRDOLRERTANX =2 o TRE 5, £ T, 5A 2R LR EZeH
& MD ¥R 2 L—3 a3 UInBENT L7, Figure 5-14 @ 4 SO 7 T 71 3F 0L 4-7 i
H PEG IZ NOy B EZE L= & T OMEN i 2R L, BORERDTREEZEL TWDH, NOyD
300 K (Z361F 2 - B EENER L1 371 m/s T, mG4ﬁ/&®@x@F@$%ﬁi%’$ﬁ
EEEIEE LD I RKREVETh o 72, 72, HESMITHEEROEME & iz

LTV DEF S L CHUL, 7 i O Jes B ClIilf fEEsEh — x L X =Bk L% 2.2 eV
Tholz, TF L7V a— Lo 2433 T kg! K 2 W T, H2212 & 0 2RO ) bt
FRZ BN D EIRET D &, T ETEOEZEIZ LY 5F& 4600 @ PEG (X 18.9K 1R LA
Do T OFEEDOIRE EF TIILZIEORED D RITIEFITHENLOTH D LHHTE D,
LI LR B, EATIFRECHEM SN TWDIEY | A 4 HOEZIC X 2 BT 72RE E54
B 2D ROSEREET 5 aTREMEI IR E TE 22V, fx1E, NOy2s PEG N CH2CH20 U~ & o
WXL TR L TWABREE XD L IRE ERITN 2000 K Tk 3%, £, /h&E
VA AR LT L F TR 1 eV BRE TRUMBE DN R BLAVIGD D, AWFZE TILAL
HILD Z NPT, ZOKIAH TORICHITIZSFE COME SRR Z HIET 5720
FEFIZHEHTH Y, Continuum-MD EILZ OfifFTY —/L & LTHEL TV Efﬁ‘é‘fiﬁiibéo
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Figure 5-14  Probability density functions (binned, relative values) for the NO; velocity at collision.

The mean value is noted for each charge state.
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ARECIIFFEES L2 it E~ 7 254 42 (PEGis™) & S PEME IR O KK
A F 2 hEZE 72 & Z D Charge reduction # %% | Continuum-MD 5% U THERI L 72 1
F U RS EEERNGRD -, [HBICB T D2MimER ) ~—A 4 OEEFHED
Charge reduction (%, &/ER LI OMEEOEZEEH LG TIERT Z LN TE R, FFERT v
FAPBEEB TR L X —%2 KEL EED, AU ~—IZFEERH 0 HFEZIC L > TERR
oD, LVl mimbIFFITMFRBIETH D, Zb TN TOMEEIX, A7 A O
Continuum-MD ¥ X =2 L— 3 3 VIETHPITETEY . EROMIRITEIR S 35K 03,
Continuum-MD £ Tl L 7= Charge reduction 3 & | KR&UJT T CHHE L 72 iy dEE 00 D
BOMIZIZRIFR—BDRRoNT. (R FA A & LT TR 4600 DRY =F L7
2 —/L PEG 2 L72), ZOfEICNA T, MRITHMEHEERD T > 2 2 VB /14
N—2DHHEKX (BEEMED A A ERHEDA F 0 OFEZETERBLT H) 22HARBISED X
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Q2E) 9 28TIE, vy A4 LRI =F LS a— (PEG) %
VN, $ENETE LT~ PEG A 4 > OVRREHE O 72, B ies L OV &OEF %
AWT, EXRBEE S X OVE & & BRI O 50 & 5Hll L 7=, BRI ENE /54T H O 1L i
DE ) == PO —FT, BEOH O/ EDHIT+3 2 B+7 M HE LA
FURBH S To, ZAUTESUIRD PEG 3 FA A U S EFEE OB E &b IR Lo RER.
ERBEREN BN L, 43 22 b+7 i EBIC BV TIRIFE LWERABIEZH - 7270 Th 5
Z NIRRT,

(3 F) WIT. 3 B TIX 2 EOHFHEE A ISR D 72 DI B 2O+ fliE T
D PEG 5 FET NV ESFENNFEY I 2 b—a I VERLE NVT 7o 7)),
TERL L7253+ BT T 2 B CORER R L E T D K O ICHEROIINE & HIT50F 03
FELTWREZHR L, £72. ZONFET VO AR T 5 72D ES 2 Hn
LI FE %y R ab— 3y bind PEG A A OBELSBHEOHR 21772~ 7, HEHE
FERITBEEOERER & B —BE R L2 £ D, BERO~ 7 aiyfA 41324
ICHBT D L FEEO LD B L% CUFIER CEXBEE 2 /RT 2 LR L I
Of:o

4%E) 2EFTORTITEREEMEAZLE LTEHIIL QWi HERESD -
OIZITEEZMN L CEHIT 2 FIENKETH S, £2TC 4 BTIE~vranfA 4 Uicw
WD A A 2 EHE S, BB AR S8 < FiE (Charge reduction) % VW= E & D
IHTHIEICE B LT, FRZZ OFETIESAMHEE PEG A 4> O X 9 IR0 14 4 DE
iR 7 v R 2l E RIS Mi#AT 3 % 72, Continuum-Molecular dynamics X = L—3 3
ATy MERBSE LT, ATFBEIEHEOFEBRE R L BIFICHE L, TERRSh T E
WL R E E R OHER X S RAFICHELT 2 2 L VR STz,

(5 B) kT 5 T CTIEEBRIZ PEG /1A A NS D A 4 % %% S % Charge
reduction ¥£% W= BEO ST %2 FEE L=, ST OFRE LN B ESAIT T REN 4,550
Da Fi CIEWE(RZE/S 417 Da &, §EMEZE L= PEG 01 ON T REEZFRETH Z LT L
7zo BT, 4 ECTHA%E L7z Continuum-MD 1% & F2BR T & 4L 7= B AR sl 4 bhiig L 7= &
A, Bl —E8EMRTH I EMTE, ZHUT LY Continuum—MD 5% FV 72 FEERI
~ I At AF L OBEBMEE T 2 ARFHIHWD Z EBRARETH D Z LR ENT, &
HIZ, w7 a1 A L AIREED A A DER LR =R VT — 5T Lz & 2 A, 1
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Symbol Dictionary

Constants
Symbol = Definition Value Unit
e Electron charge 1.60x10* C
Ko Boltzmann constant 1.38x10%2 JK'
& Permittivity of vacuum  8.85x 10 Fm?!
Variables
Symbol = Definition Dimension
ajj Collision radius m
b Collision parameter m
be Critical collision parameter m
Cij Reduced mean thermal velocity m st
Cc Slip correction factor -
dg Gas molecule diameter m
dp Particle diameter m
D Diffusion coefficient m? st
E Electric field vV m?
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Fo

Fe

Hus

Kbond

Kangle

Kdihedral

Knp

Knsg

Friction factor

Force

Drag force

Electric force

Degree of freedom of system

Dimensionless collision kernel

Dimensionless collision kernel for hard sphere

lon flux

lon flux into limiting sphere surface

lon flux density

Coefficients of harmonic bond potentials

Coefficients of harmonic angle potentials

Coefficients of harmonic dihedral potentials

Diffusive Knudsen number

Diffusive Knudsen number for limiting sphere

Length of classification region of DMA

Mass

Reduced mass of i and j = mim; / (m; + m;)
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kg s

kg

kg



Mred

Mw

Ni, N;

No

No

Ncol

Nobs

Ntot

Ps

Py

Pe

Pe

Mkm

Reduced mass of ion and gas = MionMgas / (Mion + Mgas)

Molecular weight

lon concentrations

lon i bulk concentration

Number density of gas molecule

Number of collisions observed in the simulation

Number of orbits observed in the simulation

Total number of simulated trajectories

Collision probability for ions entering limiting sphere

Collision probability for ions entering trapping sphere

Fuchs’ collision probability

Pressure

Electric pressure acting on the tip of capillary

Surface pressure acting on the tip of capillary

Partial charges (= ze)

Volume flow rate

Distance

Distance for species k and m
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kg

Da

Pa

Pa

Pa



m

Ry

Rin, Rout

Vo

Vafter

Vhefore

Vd

Ve

Vth

Minimum radial distance (ion-ion distance)

Random force

Gyration radius

DMA inner radius and outer radius

Time

Temperature

Degree of freedom of thermal bath

Surface area

Velocity of fluid in DMA

Velocity

Velocity at limiting sphere surface

lon velocity after collision with gas

lon velocity before collision with gas

Drifting velocity in electrical field

Electrophoretic velocity

Thermal velocity

Voltage, Electric potential

Mass of thermal bath
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Bz

Bs

Dijki

(Dinter

(T

Vs

Ne, Nt

P4-6-12

Number of charges

Electrical mobility

Polarizability

Collision rate coefficient for j with i which arrived at aj;

Collision rate coefficient for z charged PEG ion with ion

Collision rate coefficient for j with i which arrived at &

Trapping sphere radius

Limiting sphere radius

Lennard-Jones parameter

Dihedral angle of i, j, kand |

Intermolecular potential

Lennard-Jones potential

Electric potential

Enhancement factor

Surface tension

Continuum regime and free molecular enhancement factors

Potential acting on an atom

Sum of Lennard-Jones potential and ion induced potential
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m?Vig?t

mé st

mé st

mé st

Pa



(Pangle Angle potential J

(bond Bond potential J
Qdginearat  Dihedral potential J
PLI-coul Sum of Lennard-Jones potential and Coulombic potential J
QTersoff Tersoff potential J

K Curvature -

Aij Mean free path m
A Coefficient to modify the polarization -

n Viscosity Pas
0 Angle rad
0o Incident angle to limiting sphere surface rad
Oc Critical angle for collision rad
Oc,y Critical angle to enter trapping sphere rad
o Lennard-Jones parameter m

T Average interval time between collision to collision S

Q Collision cross section m?
3 Correction factor -
g Magnitude of Coulombic energy to the thermal energy ratio -
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Yool lon induce potential to thermal energy ratio

¢ Correction factor
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