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Field driven chemical effects in API: Numerical modeling of the ion  vu.cicmeouca 3
temperature at atmospheric and inftermediate pressure with SIMION-RS

§\
)
-

NN
i
N\

Wuppertal, Germany

Institute for Pure and Applied Mass
Spectrometry

2Department of Sensors -
Measurement Technology

Walter WiBdorf'; Yessica Brachthduser!; Christine Polaczek!'; _Hannover, Germany
Philipp Cochems?; Stefan Zimmermann?; Thorsten Benter

Measurement Technology

Conclusions

Infroduction lon Temperature Model Chemical Reaction Systems

Methods

It is well established that the additional kinetic energy ions gain N N | | o At atmospheric pressure ionization H3O* from chemical ionization Modeling of temperature dependence of (on - Neutralcollis(ijor; models Ei;f;‘m;’rsgf“ﬁ%‘ﬁs;’m . Results:
from an electric field can be modeled in terms of an elevated The additional collision energy gained by ions from the electric field can (API) conditions, a relatively high As commonly known, chemical ionization (e.g. reaction rates: ) (SIMION Modules) ;‘;?f;?!igﬁd?%iiassummg Verification of the reaction system at AP:
“ion temperature”[1,2]. At the relatively high reduced field be mc?del.ed In terms of a two temperature model with an increased level of background water in the '”dljjced bl‘_'lcgfof‘al\?'fczarge orp :cad'at'gn()) . The cluster building (forward) reaction is considered as S;?ﬂﬁ;;ﬁ'gu;gn e Qualitative agreement between experimental and
strengths ions are subject to in modern mass spectrometric effective ion reaction temperature Tes [1]: mV range is almost unavoidable,  Proouces s viaNarchargetransterto H2band - cq)jjsion controlled [6], thus its rate ke can be calculated from (Lua) . o
devicis particularl inth medium pressure tralr:sfer stages e kp =Boltzmann constant IOE f ; he f f o o wiert o the collision frequency: ﬁ/ simulated IM5 drift times for the RIP and acetone=
8. m+M B =boltz Therefore, the formation of ion '
ot : e ﬁy o ) bg 8 Mp 12 m+ Mp  ion velocity | . Proton bound water clusters (RIP) 6RT  __ i TSR water cluster systems
ion funnels, the effective ion temperature can readily become _ R - . bound clusters is commonly in APl H.0* clusters with neutral water k=0 R
drasticallv hicher than th | Tetf =T + Mp =mass reaction partner 3 / T 1 = reduced mass iteiste) kil ® Basic verification of the temperature dependent set of
_ : H N
rastically nigner than tnermal. SkB Mg jnass bulk particle and AP methods such as ion H30++H20=2 [H(H,0),]* (Lua) - i
Numerical models which consider the chemical dynamics of ions IO AR mobility spectrometry (IMS) or N The backward reaction rate is calculated from the equilibrium N y reathion rates
.. ) . o - H(H,0),_,]" +H,0 = [H(H,0),]* e o : 0 chemical kinetics data T LPPT : i :
under such conditions have thus to take into account the If the particle masses are assumed as equal this simplifies to [5,2]: differential ion mobility HH, _)n 1]. T H [H 2 Jn] constapt K, Whlf?h |:<, given by the Gibbs enthalpy G” of the ion trajectory data I\;\ (concentrations vs. time) Verification of the reaction system at medium pressure
electrically driven temperature effects. M2 spectrometry (DMS / FAIMS) The relaxation time of the resulting cluster clustering reaction: . ® Good agreement of simulation and experiment for
_ . . _ . _ . _ ) equilibrium is very short. The corresponding signal G’ = —RTIn(K) _ - .. . : .
The reaction simulation (RS) algorithm [3, 4] in combination Tegr =T+ 3kn The cluster systems often exist in is often called “Reactant lon Peak” (RIP). Da(';ay?::r']v:;lsa:;m;uasl(':z”gt;?n collision cell decluster.lng at hlg.h reduce.d field
with SIMION is an ideal basis for such a model, which provides . . . . very fast temperature dependent Acetone-water clusters The temperature dependence of the eqilibrium constant is ® Absence of clusters with n=5,6 in experiment probably
. . . . which can also be expressed in terms of the ion mobility K and the _ : ) L _ ' _ _ : . . :
the foundation for the simulation of analytical methods ectric field E M(KE)? chemical equilibria and thus allow  Neutral acetone (Acn) can associate to the water ~ estimated e.g. by the van't Hoff equation: e Trajectory simulations with SIMION 8.2 + SDS / HS1 due to experimental conditions (injection of relatively
. _y L electric field E: . o .
inherently utilizing the elevated effective ion temperature (e.g. Tegg=T + 3% the investigation of the validity of cluster, which forms a self]ond cluster system: 1n(K2) B _AHO ( 1 1 ) e RS module with integrated ion temperature model hot ions into the collision cell)
+ _ 2 + — | — T .
PTR, CID, FAIMS/DMS). B numerical ion temperature models. HACn(H, 0y 1 + H,0 == [HAen(H,0), Ky R \I; 1 e New implemented connection between RS and HS1 New connection between hard sphere model and RS:

® The well established HS1 hard sphere collision model

° o o o o was coupled with RS
-RS: T ture d dent drift in IMS RS: Coll Cell Declust
SDS RS. emperd Ure epen en rl In J 0 ISIO" e ec Us e"ng ® Applicability of resulting model at medium pressure is
1600 , , , , demonstrated by declustering in ion funnel
. ey 4 : ald i The decomposition of proton bound 1 i i i . i . — Lmbar
higher temperatures = smaller clusters The temperature dependent drift times in a low field ion mobility | P Reduced field dependence and comparison with experiment Absolute field dependence O S O - | Qualitative simulation of chemical kinetics in FAIMS:
spectrometer (IMS) at atmospheric pressure were modeled to water clusters in a collision cell at 1 Simulat h d Int f the absolute electri — 2 mbar ; 5 5
i i : v—v [H(H,0),] 'muiation Shows goo nterms ot the absolute electric ‘ ® The basic chemical kinetics in a FAIMS / DMS device
>0 é validate temperature dependent sets of reaction rates. reduced pressure was modeled with RS Simulation: e [H(HL.0),]* | @greement with experiment for field, the effective ion 12000 e
: : 24 ppmV ch'g(groundg water | the experimental drift times decline due to the decreasing mean in stand-alone mode under the 2000F - p=19TorrN2 ---------------- e . [H(HZO)2]+ clusters n=1 and n=2. temperature is strongly 31000» was qualitatively modeled for the RIP and the acetone—
A cluster size at elevated gas temperature (fig.2). assumption of isotropic conditions o . 7 - | "~ [H(H20)3]+ With onver r.educed field, the depender)t on the chkground g water clusters
oS . - - - - - Due to nearly isotropic conditions in the drift tube, the simplified | — HEOL :C»lmulat_lonI dl\éerges i preSSUdr_e in the collision Z?”_- § soof
' i i i i i i direct model (direct RS simulation) was applicable. . . . 2775 Increasingly, aue to the At medium pressure conditions, s .
Trajectory simulation (SIMION-RS) and direct RS simulation Simulation parameter: 1500 o—e [H(H,0)s)" | additional clusters with n=5,6 very high ion temperatures are 500 OUtIQOk_° . .
7 < J y vor . llation e background pressure approximately 1 mbar . readily achievable. k Investigation of model / experiment divergences:
= reproduce the drift time decline, but the models exhibit significant 2 Experiment (Young et al. [7]) 400 _ _ _
L I e T NU NS O SR S discrepancies for the temporal behavior of the RIP with respect to ® 1% water in the background gas 2 1000 100 T 9Torm O Figure 4) lon femperature in 200 1 | 1 1 ® The temporal merging of the RIP and acetone signal in
£ both, arrival time and the non-linear response of the experimental e isotropic conditions (assumption of an :f - p= 1.7 1o L2 dependence of electrical field E 10 2 ey 40 50 IMS is not well reproduced by the simulations, possibly
o RIP with the tempegg;cure. - . ideally stirred reactor) s o 2 mbar this is due to chemical interactions of the two cluster
1 1 1 . : L. p—! 1 9 N — systems at elevated temperature
® 1000 simulated particles 500 © The pressure ™| T
- - 8 | i} : . . S 60 n= ~N. 0 b O i ' i
4.5/ @@ RIP experimental £ 08 08 e analysis of the static equilibrated cluster S n deoendence of the ior U T A T The current simulations tend to overestimate the
4~ RiPdirect simulation (RS) ' ' L = T P % %0 compensation voltage for FAIMS (see [8] for
A—A RIP trajectory simulation (SIMION-RS) , , 6 0.6 - 0.6 - distribution in dependence of the reduced S temperature results in .
@@ Ach experimental ? ? <| T T field h 40 a severe pressure g ¢l 2 sool experlmental data)
A& cn direct simulation (RS) < ] " " ela strenet 0 S+ sensitivity of the : : More detailed estimation of t ture dependent
4. . . . i i i . . e variation of the background pressure in the reduced field strength (V cm™ torr™ ") ® ol | g .. s V s k ore aetaiied estimation or temperature aependen
0 30 40 50 60 70 80 90 i 0.2 - 0.2 - . . . . cluster ecompOSI‘L‘Ion 400 400 .
Temperature [°C] . : . The simulation predicts existence of clusters : : reaction rates:
: : calculation of the local ion mobility (K) for with n=5,6 which is not found experimentally " reactions as function
Figure 1) Experimental and simulated drift fimes for the TTIT4is8 173458 TITiaq the calculation of Tes . , ’S e and - ok s sees Be g J oftthe electrical field E 0| 200} ® A more sophisticated estimation of the temperature
wafter cluster RIP and the acefone-water clusters Figure 2) Decreasing water cluster sizes at 24 ppmV CII?JlSJ’rreer gor;@;rgrrgﬂo?g ineggggrr?(:legnge E/R, (vem ! TORRT Figure 5) Cluster in ") NALAN | . - dependence of the reaction rates, in particular for high
background water mixing ratio W, HO+; O, H:O:+; @, H:0xt; O, HoO4™. dependence onfieldE ¢ ° © fe s ey B R o naemty 0% effective temperatures, will significantly improve the

on reduced field strength

overall model accuracy

High fields at AP: Chemical effects in FAIMS / DMS (RS) Alermative reaction models for very high reduced feles

® More detailed reaction models for low pressure / high
field conditions, e.g., incorporating three temperature

The RS model was coupled to the HS1 Smaller clusters (n=1,2) are depicted in red and orange, larger (n=6,5) in yellow One possible mechanism which leadstoa  Oscillation of the reaction system: Resulting differential mobility / CV: models or explicit pooling of internal molecular energy
hard sphere collision model to field dependence of the ion mobility K at
provide a trajectory model for high field strengths is the effect of the 9000 ‘ = i ———— S— 9000 ———————————— E th lust ! | ! ! !
- . . . . N . . rom the mean ciuster A—4A 10 ppm sq. g g it References
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50 %01 i be performed o000 L 1300~ . oLt should thus be separable g
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e due to relatively long simulation o I PN o Mt 0 | PTRRG In the presented RS simulations only 1000 . 00 | — marol. s A Ckn Ow’ed em enf
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times, reduced number of ions s s chemical high field effects (modification of o = = . | " Ll J o right: Figure 7) Simulated &
- Figure ) Cluster frajectories and concentrations in the ion funnel in e : | | | | | | | | | | - | | | 2 compensation voltaae in & 590F . : :
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. . . . temperature) were considered while At atmospheric pressure, the chemical  The field strength (cf. a and c), water background potential i ; .
The simulation clearly shows the decomposition of the At the modelled water concentration, the RF ] p i h)ﬁ d off ) tem is able to follow the field / (cf. @ and d) and RF wave forn; (cf. @ and b) left: Figure 8) Water cluster . 3 3 3 | DFG (BE21f24/6—1)
. __— - sical ni eld errects were not taken system Is able 1o Tollow the ne Ion - - s - %% 10000 20000 30000 20000 50000 e Zentrum fur Gr iertenstudien (BU W rial
water clusters in proximity to the funnel electrodes potential is able to produce bare H30". Py 8 o , numpber densifies and ion dispersion voltage (V cm ™) Fentrum 10 Graduiertenstudien (BU Wuppertal)
P | into account. temperature oscillation. strongly impact on the cluster response. femperatures in the FAIMS * iGenTraX
where the electric field becomes high. model




