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ABSTRACT 24 

 25 

Response to fourteen chemicals from five chemical families spanning the range of proton 26 

affinities was quantitatively determined using an ion mobility spectrometer at ambient pressure 27 

from 30°C to 175°C in purified air with moisture from 1 to 1×10
4
 ppm.  Drift times and reduced 28 

mobility coefficients for the reactant ion in positive polarity, the hydrated proton formed using a 29 

63
Ni ion source, were compared to computational models showing hydration value ranges from 30 

~2 to ~6.5.  Peak intensities and drift times for protonated monomers and proton bound dimers 31 

for alcohols, aldehydes, acetates, ketones, and organophosphates, obtained over the ranges of 32 

temperature and moisture, permitted the calculation of response factors with atmospheric 33 

pressure chemical ionization.  Formation of product ions could be described by heat of formation 34 

for the displacement of water from the hydrated proton and temperature-controlled hydration 35 

levels.  Findings provide a broad framework to understand the importance of moisture and 36 

temperature in quantitative response in ion mobility spectrometers. 37 

 38 
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phase basicities (GB)[11].  Compounds with strong basicity (e.g., amines)[12,13] exhibited 65 

response independent of temperature or GB magnitude; that is, the heat of reaction between an 66 

amine and H
+
(H2O)n was so favorable that product ions were formed on each collision.  Other 67 

substances showed some positive relationship between GB and quantitative response in API MS; 68 

still others exhibited strong anomalies between the association of GB with API response.  They 69 

attributed the differences to the influence of hydration in the reactant ion and structure of 70 

substances and their strength of interaction with the reactant ions.  In a second companion work, 71 

the association between API MS response and GB of substances was strengthened with increased 72 

temperature of the ion source.  This increase was attributed to dehydration of the reactant ion and 73 

product ions, removing hydration as a secondary influence on API response and GB.  Although 74 

the principles of their findings are broadly valuable, extension of their findings to IMS or DMS 75 

instruments was complicated by differences in technology and practices such as ion lifetimes in 76 

the supporting atmosphere which can be as large as 15 ms in IMS drift tubes compared to a ms 77 

or below in API MS.  The aim of this investigation is to provide experimental data as a 78 

framework for building an understanding of the role of moisture and temperature on response 79 

with a conventional IMS drift tube. 80 

Although the lack of systematic treatment of moisture and temperature in IMS and DMS is 81 

noted, exploration has occurred on a limited basis and some understandings can be gleaned from 82 

their findings.  Meyer and Borsdorf [14] showed that increase moisture in negative polarity 83 

altered the drift times of halides formed by dissociative reactions with O2
-
.  Their findings in 84 

positive polarity paralleled findings from Sunner and Kebarle where response with amines at 85 

80°C was little affected by moisture while response with other compounds was significantly 86 

lessened with increases in moisture.  At slightly lower temperature of 70°C, Puton, et al [3] 87 
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The increases in Ko with decreases in moisture (at a given temperature) are consistent with a 177 

decrease in the level of hydration (n) in H
+
(H2O)n and values for n, calculated from models of 178 

ion distributions from API MS studies [15] are shown in Figure 2.  Values for n ranged from 179 

near 2 at 1 ppm moisture (175°C) to nearly 6 at 1 x 10
4
 ppm moisture (30°C).  At any given 180 

value for temperature and moisture, a distribution for n exists, for example n is 2 to 3 at 5 ppm 181 

moisture, and ~4 at 4×10
3 

ppm moisture.  Further detailed descriptions of the distributions are 182 

given in supplementary data (Fig S4).  In general, the net weighted value for n changed roughly 183 

by a step of 1 over the moisture extremes at any temperature.  Although moisture and 184 

temperature are known to control the level of hydration (n) for the hydrated proton (H
+
(H2O)n) in 185 

air at ambient pressure, this is the first systematic collection of Ko values for both parameters.  186 

These findings are consistent with that early reference with increases in mobility from 1.98 to 187 

2.30 cm
2
V

-1
s

-1
. 188 

While moisture and temperature affect the mobility of the reactant ions, changes also occur in the 189 

reactivity where increased values of n result in significantly increased proton affinities of 190 

H
+
(H2O)n.  This increase in proton affinity will affect quantitative response to analytes as 191 

described below. 192 

 193 

3.2. Quantitative Response as a Function of Moisture 194 

Response to an analyte (M) in an IMS drift tube at ambient pressure with a beta emission ion 195 

source occurs through chemical ionization with reaction that could be described best as a 196 

displacements where the association of M with H
+
(H2O)n as shown in Equation 2 results in the 197 

loss of one or more H2O.  In these studies, the level of moisture was constant throughout the 198 

reaction and drift regions, thus, the formation of a protonated monomer (MH
+
(H2O)n-x) may be 199 
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reversed and response can be understood a the initial formation of the product ion and then the 200 

resilience of the ion against back reaction to M with H
+
(H2O)n: 201 

H
+
(H2O)n  + M = MH

+
(H2O)n-x + xH2O (2) 

Given sufficient vapor concentration and reaction time, a proton-bound dimer, M2H
+
(Eq. 3) can 202 

be formed: 203 

MH
+
(H2O)n-x + M = M2H

+
(H2O)n-x-y + yH2O (3) 

While proton bound trimers or tetramers might be formed in the ion source volume of the 204 

analyzer, ion residence in the drift tube exceed lifetimes of such ions and these higher adducts 205 

are not observed in mobility spectra.  206 

Quantitative response to analytes at 150°C are shown in Figure 3 for the protonated monomers of 207 

triethyl phosphate and 1-octanol respectively.  All plots have features well-known for API 208 

sources with ion mobility spectrometers with onset of response (or limit of detection, LOD) or 209 

appearance of a protonated monomer at low mass, governed largely by the collision probability 210 

for [M], reaction enthalpy, and time for mixing (or reaction) of H
+
(H2O)n  and M.  Repeatability 211 

on average was better than 5% RSD as seen in error bars for data points.  Plots for triethyl 212 

phosphate show similar detection limits from 0.06 ppm from 80 to 4 x 10
3
 ppm with slightly 213 

better LODs for 5.4 and 26 ppm.  The high proton affinity and strong reaction enthalpy for this 214 

compound (and other phosphate or organophosphorous compounds) favor a stable protonated 215 

monomer with little back reaction by water displacement (Equation 4).  The slopes of the 216 

response curves (i.e., sensitives) were comparable over the range of moisture levels each 217 

reaching a non-linear region and then a plateau in response where the ion source is saturated. 218 

In contrast, response with the relatively low proton affinity of octanol at the extreme of proton 219 

affinities here shows low LOD only at low moisture (4.1 ppm) with a decade loss in LOD by 94 220 
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slightly lessened and proportional decrease in sensitivity with increased moisture.  Compounds 285 

with low proton affinities alcohols and aldehydes lose response above 500 ppm moisture.  As 286 

temperature (Fig. 8b) is decreased to 100°C, a division in trends of sensitivity arises between 287 

intermediate and high proton affinity compounds.  Increases in moisture have little impact on 288 

high proton affinity compounds while intermediate proton affinity compounds exhibit loss in 289 

response at high moisture levels.  In the low proton affinity category, response for aldehydes is 290 

lost by 100 ppm and alcohols by 500 ppm moisture.  At low temperature of 50°C, sensitivity 291 

with low proton affinity chemicals is severely degraded for aldehydes and alcohols by 50 ppm 292 

and lost over 100 ppm.   Sensitivities for intermediate proton affinity compounds were halved by 293 

100 ppm (compared to low moisture) and lost above 500 ppm.   294 

 295 

3.5. Change in analyte drift time (Ko values) as a function of moisture 296 

Another impact of increased moisture in the drift tube was a shift in drift time for analyte ion 297 

peaks as shown in Table 1.  Chemicals with proton affinities above 900 kJ mol-1 298 

(organophosphates) showed no peak shifts in drift time as a function of moisture.  Chemicals 299 

with medium proton affinities (ketones and acetates: 830 to 860 kJ mol-1), shifted to slower drift 300 

times only when the moisture was increased above 100 ppm.  The remaining chemicals with low 301 

proton affinities (aldehydes and alcohols: ~800 kJ mol-1) shifted to slower drift times even with 302 

small increases in moisture.  Above a moisture level of 100 ppm no response was seen for these 303 

chemicals, thus shifts in drift time could not be determined.  304 

The organophosphate monomers showed a decrease in mobility of 2 to 3% when the moisture 305 

was changed from 1 ppm to 4×10
3
 ppm (see supplementary data Fig S5).  A linear regression 306 

was plotted, and a one-tailed test was performed on this regression for all the chemicals and p-307 
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values were obtained (Table 1).  The three smaller monomers showed a statistically significant 308 

change in Ko using at an alpha level of 0.05, and tributyl phosphate was significant at an alpha 309 

level of 0.1. The Ko values for the dimers were also examined across the range of temperatures. 310 

The dimers showed no statistical change in Ko with an increase in moisture. There was no 311 

change in Ko even when Ko was examined across temperatures. This result suggests that these 312 

dimers do not hydrate at the conditions studied. These results are consistent with Mäkinen et al 313 

[6]. Further studies could look at the mobility of dimers across a range of chemical families to 314 

see if this holds true for other chemical families as well. 315 

The acetate and ketone monomers also showed a dependence on moisture with respect to 316 

reduced mobility. The monomers showed 2.5 to 3% decreases in mobility when the moisture was 317 

changed from 1 ppm to 500 ppm (see supplementary data Fig S6). A linear regression was 318 

plotted, and a one-tailed test was performed on this regression for all the chemicals and p-values 319 

were obtained (Table 1). The change was significant at an alpha level of 0.05 for all the acetates 320 

and ketones except for 2-heptanone. This is most likely due to the high errors observed as the 321 

slope for 2-heptanone was the greatest for all chemicals examined. At an increased moisture 322 

level, the formation of dimers was suppressed so this relationship was not examined for the 323 

dimers. 324 

The Ko of the alcohols changed by 3% from a change in moisture from 1 ppm to 100 ppm, but a 325 

statistical test was not performed on the alcohols due to there being few data points (see 326 

supplementary data Fig S7). The Aldehydes were not examined for a change in Ko because of 327 

the lack of response at 25 ppm moisture and above. 328 

 329 

4. Conclusions 330 
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In this study, the influence of moisture from 1 to 4×10
3 

ppm and temperature from 50 to 150°C 331 

was shown to affect sensitivity of response with chemicals from three categories of low, 332 

intermediate, and high proton affinity.  These parameters are synergetic in influence through the 333 

extent of hydration of the reactant ion and subsequent change on proton affinity of H
+
(H2O)n.  334 

Changes in proton affinity of the hydrated proton influence sensitivity of response and limits of 335 

detection significantly with low proton affinity chemical such as aldehydes and alcohols.  Only 336 

minor impacts were observed with high proton affinity compounds, demonstrated here with 337 

organophosphates although comparable behavior would be anticipated with amines.  Compounds 338 

of strong yet intermediate proton affinity, here acetates and ketones, should behavior between the 339 

extremes with response possible into the hundreds of ppm moisture only.  The findings here 340 

compliment and reinforce findings with DMS for use in environmental monitoring and 341 

demonstrate that the deletorius effects of moisture on ionization chemistry can be compensated 342 

somewhat with temperature; nonetheless, moisture should be kept below 100 ppm for response 343 

to a broad range of compounds.  Alternatively, selectivity to high proton affinity chemicals could 344 

be improved with suppressed response to compounds of lesser proton affinity with elevated (and 345 

controlled) moisture levels. 346 

 347 
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Table 1. Drift times (in ms) of selected compounds at three levels of moisture. 418 

Chemical Name Moisture (ppm) Proton Affinity Slope P-Value* 

 5 80 to 100 4000 (kJ mol
-1

)   

Tributylphosphate 21.8 21.8 21.7 915* -0.008 0.058 

Triethylphosphate 16.3 16.5 16.5 909 -0.015 0.036 

2-Nonanone 17.1 17.4 17.8 854* -0.021 0.049 

2-Heptanone 15.1 15.3 15.8 845* -0.022 0.080 

Pentyl Acetate 15.9 15.9 16.4 839* -0.015 0.022 

Butyl Acetate 14.9 14.9 15.3 837* -0.016 0.021 

Nonanal 16.3 16.6 NA 802*   

Heptanal 15.4 15.8 NA 799*   

1-Decanol 16.0 16.6 NA 801*   

1-Octanol 14.3 15.1 NA 799   

*Proton affinities estimated based on isomers or similar chemicals.  419 

Alcohols and aldehydes show no response at 4×10
3
 ppm. 420 

Error levels for drift times are ± 0.2ms.  NA reported for aldehydes and alcohols at 4×10
3
 ppm moisture due to no 421 

response seen at this moisture level.   422 

 423 
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Figure 1. 443 
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Figure 2. 447 
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Figure 3 453 
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Figure 4 458 
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Figure 5.  464 
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Figure 6.  469 
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Figure 7 474 
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Figure 8 479 
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 21 

Fig. S1. Diagram showing the experimental design and drift tube used to add 22 

moisture and sample to the drift gas.  Moisture in the vial evaporates into the test 23 

tube through a small opening and is carried into the drift tube by a purified air 24 

flow.  Moisture levels can be controlled by changing the size of the opening in the 25 

vial. 26 

 27 

 28 
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 33 

Fig. S3. Two spectra for the reactant ion with reduced mobility values at the lowest 34 

and highest moisture levels.  2,6-di-tert-butyl pyridine (2,6-DTBP) was used as a 35 

reference for the Ko (cm
2
 V

-1
 s

-1
) values.   36 

 37 
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 38 

Fig. S4. Plot of Ko for the reactant ion with respect to computational values for n.  39 

The calculations for n were performed using models done by Kebarle.  The R
2
 40 

value was 0.87 and the slope was -0.147 cm
2
 V

-1
 s

-1
 n

-1
. 41 

 42 
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 43 

Fig S5. Graph showing change in Ko as a function of moisture for 44 

organophosphorus compounds. The monomers of the three smaller compounds 45 

showed a statistically significant difference in Ko as a function of moisture using 46 

an alpha level of 0.05.  Tributyl phosphate showed no statistically significant 47 

change at an alpha level of 0.05 but was significant at an alpha level of 0.1.  The 48 

dimers for all the compounds showed no significant change.  49 

 50 

 51 
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 52 

Fig S6. Graph showing change in Ko as a function of moisture for the monomers of 53 

acetates and ketones. All chemicals show a statistically significant difference in Ko 54 

as a function of moisture.  The formation of dimers was suppressed at elevated 55 

moistures, so this relationship was not examined for the dimers. 56 

 57 

 58 

 59 
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 63 

Fig. S7. Response of 10 ppb of nonanal (top), octanol (middle), and heptanal 64 

(bottom) at 50 °C and 1 ppm moisture.   65 

 66 

 67 
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