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Fundamental ion-molecule reaction studies at elevated ion temperature
and analytical application of an ion activation stage (“ion tunnel”)
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Significance of the proton bound water cluster system Conclusions

lon temperature — a critical parameter in API The proton bound water cluster system N*+H,0 —  H,0*+N, * On the basis of the presented experimental and modeling results, a
. : : N.*+H.O H.O*+ 2 N comprehensive thermal APl chemistry for ionization methods operating
lonization methods operating at atmospheric pressure (API) have largely . . : . 4 2 — 2 2 . . - . .
ffected the develobment of analvtical mass spectrometrv. Virtually ever The majority of all APl methods operating in the gas phase (APCI, APPI, and the dopant assisted (DA) varieties, as well as many HO*'+H.O -—> H.O*+OH in the gas phase (i.e. within the AP ion source) is proposed:
P Y P Y- , Y _ y ambient ionization methods) lead to protonated analyte molecules. It has been repeatedly shown that proton bound water (or L . ; N pED
APl mass spectrometer on the market — regardless of type — is compatible ) ) . . . . H;,O*+H,0+N, —  [H+(H,0),]"+N, He/art | DA
with numerous APl methods. the most brominent beine ESI. APCl. and solvents” where applicable) clusters are the proton donors via cluster chemistry. The closely coupled cluster reaction system DAAPLI  DAAPPI Na FAPA
, ’ P , 8 . ’ comprised of several fast equilibria readily adjusts as a whole to the prevailing local temperature and represents thus a =
APPI sources. Despite the ease of use and rapid exchangeability of such e ) [H+(H,0) ,]*+H,0+N, = [H+(H,0) ]*+ N, Do [LDor] o: Reactant (,dopant?) il ApCi
, . favorable “equilibrium thermometer”. n n Mo | o 0~
sources, ions generated at elevated pressure have to be efficiently -
transported through a pressure gradient generally spanning more than 9 The reaction pathway for the generation of protonated molecules (bimolecular collision vs. thermal cluster chemistry) depends [H+(H,0),,]*+M =  [M+H]*+(1-2) H,O I e Hzoizofj*
orders of magnitude. The present research efforts are addressing such on the proton bound cluster sizes, thus the field dependend cluster distribution is of analytical interest. [H+(H,0),.., "+ M+N, =  [H+M+(H,0) .,]*+N, wenonr o [Ho ]
issues as: R T
intra cluster nz3;
chemistry o e H+(H.0) .. T*
* |ons generated at AP are generally subjected to at least 107 molecular . I I e
collisions before they reach the essentially collision-free vacuum Expe”menta resu tS Do~ p—— N
region.
» How do these collisions potentially alter the ion population distri- The proton bound water cluster system Dissociative Proton Transfer Induced lon Molecule Chemistry "im” v{:’”::"j‘”*’“‘ "‘1”:] A "“1;" \;,H‘r:j’”””"’*
bution recorded? L R 1 ],,, 1
[H+Do,(H,0),.,]* | [H+Do,,,,(H,0),]* [H+A,,(H,0),,.]* H+5,,(H;0),..1* H+S,,.,(H;0),.J*
. lecul i . £ AP v th L00% 5_31) i Do | Do | iAo a) Impact of the E:Zi’;s[m'”“ ﬁ:ZiZJMH Z:Zi;[“”*”]* ompzissivemis— The effect of increased H,O* temperatures on the
on-mq cctfie  redctions  OeEurmng < are. .genera 4 ermo- 90fy: - the"g.a"t .T)q‘t’.i”b””m 122; kifotY,i,, '5\40:15511 .5\60;';" '5\805\:,?" skimmer bias voltage protonation mechanism is investigated. Toluene . o |
dyn.a.mI(.:all.y controlled. _The temperature  driving correspf)ndlng 80% - ° rIOUIon s | o~ {w” w { e on the measured - Y was chosen as thermometer molecule, since a g N 4 \_4 %
equilibria is close to or slightly above room temperature, despite the 70% - idsls 70% - 1 ] ] [H+(H,0).]* cluster s number of studies in the literature report on the e 1< van
Z 3,0E+03 - . . . . A Do A
considerable amounts of heat transported via gas flows (e.g., “desol- 60% - 60% - : - - distribution. 2 rich ion molecule chemistry of activated toluene j
vation” or “nebulization” gas flows) into the source region. At AP, ig; 22; ' ' ' » - 3 206003 - ions. [2]. I T Ty p— 1
: : : el : : " 9 i Far left: Simulate o T
eIECtrIC.al fields hardly affect this equilibrium Ch.emIStry' This cha.n.ges — 0% ' distribution using HOE0S On the left, the temporal evolution of a the most
dramatically when the mean free molecular path increases but collision 2004 20% - literature data with 1 abundant ion signals detected is shown.
numbers are still high (i.e., beginning in the the low mbar regime). 13; | — 12; | _ %V H,O present. e T 10 1320 150 ‘ {_{) } l (i) \
. _ . . . 123456789 12345 12345 12345 12345 'AS RF amplitude/ [Vpp] | — |
» What is the impact of electrical fields on the ion temperature and n n n n n Using t | RE activation. th CH OF is inavitably fied to <t v elevated ion t e
thus on chemical equilibria and/or individual bimolecular | >INg tUNNELRE activation, the presence o HsLn 15 INEVItably HIEA 10 Strongly elevated on temperatures: * Furthermore, the above scheme is expanded to non-thermal conditions
reactions? ") DSgnswkei:]smaebrot\)/izst|trzsze(:]:/ 100% b) 100% 1 reovop  199% 1 e s6vep 100% 1 RE 161vop The simulated ion temperature for noticeable H,0* generation from an equilibrated proton bound water encoountered during ion transfer towards the collision free analyzer
> st ble t trol th ¢ of kineti ied to th The cluster distribpution is. oo On=l On=2 An=3 =n=t oS e 80% - 20% - cluster distribution in the presence of 1 %V H,0O mixing ratio is roughly 700 K. region as shown below:
S it possible to control the amount of kinetic energy supplied to the 6 1 :
ions within the collision dominated regions? h i h always non-thermal witha  so% - e o °% i - ; - <copiati —_——
gions? To what extent iIs suc A "o - "o - aoss - The protonation of toluene with H;0* (R2a) becomes progressively dissociative at temperatures above [y
control possible? significantly broadened 7y, - - ° U ° 900 K and reaches a branching ratio of about 0.5 at T = 1200 K T
and skewed profile, o I = = 20% - 20% - 20% - HMolH0lsT
» Is there a way to make analytical use of such control? attributedtoanon- T T CeHsCH; +H;0° = [CgH.CH; + HI* + H,0 (IM+H]*; m/z 93) (R2a)
uniform temperature n n n CH.CH-* + H.O + H Rob
profile in the ion tunnel. 40:6 ' 100% 7 400K  100% 7 500K  100% 7 700K ” sz T T } ([IM-H]*; m/z 91; T > 900K) (R2b)
Note that n = 1 clusters %~ 80% - 80% - 80% - —  C,H,+H,0+H, (R2c) e T
+ 20% - 60% - 9% - 9% -
(HE% )If\re abunda-ntly o 2 1o jg; jzj The dissociative channel generating [M-H]+ is further branched to yield rather reactive benzylium ions = " o >
generated. ror comparison § - . ® R2b) and less reactive tropylium ions (R2c).
simulated distributions at 0% (OIS 20% - 20% 1 20% - (R2b) by (R2c) N ‘ | i
MS: Bruker Daltonics micrOTOF; Hiden Analytical HPR-60 400 K, 500 K and 700 K are s T % 7. | 1. Thedistinct onset of ion formation with m/z ratios larger than that of protonated toluene (i.e., m/z f— —
quadrupole mass spectrometer shown (blue bars). RF amplitude/ [Vpp] n n n 105, 163, 183) at 80 V,, is induced by reactions of benzylium and phenyl ions with neutral toluene, l
as described in [2]:
lon Source:  Custom cAPCI + ¢(DA) APPI sources 2] These findi early d e the Cof the ion t t
.. : . . * These findings clearly demonstrate the impact of the ion temperature
RF Activation: Custom RF stage 15 cm long; RF, . 200 V_; operating . CeHsCH," + CgHsCH; = CgHg™ + CgHg (m/z 105) (R3) o the iong chemiZtr I rzssure eione th;ch e
pressure =1 ... 20 mbar. Critically operated glass capillary as 35Es04 4 OCCI3+(84ppmV)  Oltoluene+H]+ (94 ppmV) Analyte Protonation Dependence on . . . . vy P 5 P &
fl trictor-d = 0.5 . lensth 20 . g . CeHs™ + CgHsCH; = Cy3Hy3 (m/z 169) (R4) collisionally dominated.
ow restrictor; d = U.o mm; leng cm toraon | Gas Phase Acidity of Clusterions
(“ion tunnel”) . CcH:CH,* + C.H.CH, —  [CH.CH, + C,H.CH,]* (m/z 183) (R5) * Within the tunnel, collision rates of the order of at least 10° s |lead to
i i , S 256404 cAPCI of toluene and CCl, with 100 ppmV water o nifi : N hich v shifts cl libria b |
Simulation:  ChemkKed Il Version 3.3 g present. CCl, reacts solely with H,0* (i.e., the n =1 | 2. Therather smallyields of m/z 91 ([M-H]*) ions, which are most probably unreactive tropylium ions. signiticant lon activation, which not only shitts cluster equilibria but also
£ 208404 - ,, N . o drives bimolecular processes.
| differentia 5 cluster”) in a bimolecular protonation reaction and 3. The pronounced transient nature of the m/z 93 ([M+H]*) signal is due to collisionally induced P
/pugii&gﬁ:ge Pichioung  RETEveles a) lon tunnel mounted to either g Lo ] does not cluster with [H+(H,0),,,]* [1]. fragmentation of protonated toluene molecules at elevated RF voltages [3].  The operation of an ion activation stage between capillary exit and the
e / the Hiden or micrOTOF R CCl, +H;0" — CCl;" + HCl+H,0  (R1) 4. The generation of toluene radical cations (m/z 92) caused by charge exchange with ionic fragments, flrstl.sarr)pllng stﬁge of AP! ma.ss spectrom.eters r,n;:y thufs Iflmd ;'everadl
K\ == - instrument. The API source 5.06403 - Toluene reacts with H.O* as well with [H+(H,0).]* to e.g. via R20b among many other possible routes [2]. app lFa.tlons such as reagent ion prepargt!on with carefully aagjuste
o ms [T TTYTYIYITYTVYYYTIYVAION = ith disch . 3 22 reactivity, controlled cluster decomposition, and even controlled
/ H W was eltner a corona discharge 0.0E+00 O—0—0 ; : . yield protonated molecules, as clearly demon- 5. The subsequent formation of toluene radical cation dimers (m/z 184) according to the monomer- covalent bond cleavage
\ | MS inlet capillary or VUV |Ight drlven Stage' 0 20 I4AOS RFampIii(:lde/ [Vpp]SO 100 120 StratEd' dimer eqUiIibriUm SyStem [2] .
[ ambar a) Printed circuit board structure o eemens o HEE e .
e . S 2.5E+04 - 5
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