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Photoionization mass spectrometry has been used to measure appearance energies for immonium cation
formation from 25 alkyl amine precursors. A number of the unimolecular fragmentation processes are shown
to involve excess energy at threshold so that, of the 11 different cations investigated, it is only possible to
derive reliable 298 K heats of formation for GHNH," (749.04 0.9 kJ mot?), CH;CH=NH," (666.1+

1.1 kJ mot?), CHsCH=NH," (636.8 + 2.5 kJ mot?), CH;=NH(CHz)" (706.1+ 1.0 kJ mot?), CH=
NH(C,Hs)* (668.44 1.3 kJ mot?), and CH=N(CHs)," (668.0+ 2.5 kJ mot?). When these are compared

to those calculated by the G3, G3B3, G2, G2(MP2), CBS-APNO, and W1U composite ab initio methods, it

is found that the smallest mean absolute deviation oft1®8 kJ mot? is obtained from the G2 calculations.

Introduction However, despite a self-consistent set of data, it is not clear
that their upward revisions of 1.7 and 1.3 kJ midb the NIST
alues for the respective ethyl and-propyl radical heats of
ormation are warranted, particularly given that such changes
would need to be reconciled with the results of a large number

Some 25 years ago, Lossing and co-workeesried out a
comprehensive experimental study of the gas-phase heats o
formation for C1C3 alkyl immonium cations. Their results,
2gt:r|ned from monoenergetic electron ionization (EI) appear_ancePf other independent experiments.

gy (AE) measurements, represent the only systematic se i i
of such data available and consequently have formed the basis W€ have previously used PI mass spectrometry to obtain

of selected values found in several widely used thermochemicalliable values for the methylenimmonium (€+NH,") and
data compilation&3 ethylidenimmonium (CBHCH=NH,") cations!®! The present

| study was undertaken to extend this work to a wider range of

heats of formation are uniformly lower than those obtained from Immonium cations, with the aim of producing a consistent set
a series of composite ab initio calculations and that much better©f €xperimental data that could be used to assess the reliability
agreement can be obtained if an allowance for a 298 K thermal ©f Some commonly used ab initio quantum chemical methods.
enthalpy contribution is included with the AE#owever, this ~ FOr most of the AEs measured here, this represents the first
correction was originally developed for photoionization (PI) AE time that they have been obtained .usmg'threshold dissociative
measurementsnd its use with El data has been questioned by P! Or, in many cases by any technique, including El.
Holmes et af.
One possible reason for the inconsistent agreement betweerExperimental Section
the Lossing et al.heats of formation and those calculated by ) . o
Hammerum and Salliffgis that the experimental AEs were _The La Trobe University photoionization mass spectrometer
obtained from EI efficiency curves using a vanishing current (PIMS) used ‘in this work has been described in detail
technique. Such a method is highly dependent on instrumental€!Sewheré? 14 Vacuum UV photons were generated in a
sensitivity and the nature of the onset in the threshold region, 1-5 kPa hydrogen gas discharge and energy selected using a
which for many of the ions studied by Lossing et al. was found Windowles 1 m Seya-Namioka monochromator equipped with
to be “unusually gradual®. a Jo.bm-Yvo.n holograph|callly ruled 1.200 grooves ninalif-
Another source of variability in the derived experimental raction grating. The resolution was fixed at 0.135 nm fwhm,

immonium cation heats of formation is the lack of consistent With known reference emission linésused to internally
thermochemical data for both the precursor and the neutral C@librate the absolute photon energy scale to better than
fragment formed in the unimolecular dissociation process. 0-001 €V. The photon intensity was monitored with an EMI

Approximately 50% of the amine heats of formation used by 978_.98 photomultipl_ier and sodi_um salicylate phosphor combi-
Lossing et al were not available from experiment and were Nation and a Philips Photonics X919BL channel electron
instead estimated using the group additivity scheme of Benson multiplier used for photoion pulse counting. The data acquisition
et al® Furthermore, Baer and co-workBrhiave recently  System was comprised of a 350 MHz Macintosh B&W G3
questioned some of these experimental data. They have propose@Cmputer running LabVIEW 6.1 under OS 9.2.2 with a National
a set of revised values for several primary alkylamines and alkyl Instruments PCI-6601 counter/timer used as the digital interface
radicals as a result of their threshold photoelectron photoion to the PIMS.

Hammerum has subsequently shown that these experimental

coincidence (TPEPICO) study of the @HNH,' cation. Photoionization efficiency (PIE) curves were obtained by
dividing the photoion count rate by the photon count rate
TE-mail: j.traeger@latrobe.edu.au. following a small correction for stray scattered background

10.1021/jp068697] CCC: $37.00 © 2007 American Chemical Society
Published on Web 05/08/2007



4644 J. Phys. Chem. A, Vol. 111, No. 21, 2007 Traeger

counts. Appearance energies were measured from linear excan be derived from a linear threshold extrapolation of the

trapolations of the PIE curves in the threshold rediédthough relevant PIE curvé Where appropriaté) K appearance energies

standard deviations associated with the least-square fits to thefor eq 1 have been converted to the equivalent 298 K AE using

data ranged between 0.003 and 0.007 eV, higher uncertaintiegshe expression

have been assigned to the AEs to allow for any energy scale

calibration errors and variations resulting from the selected set AE, g5 = AE, — {H,y5s° — Hy}(RX) + 6.2 kJ morl?

of data points used in the actual fitting process. The extent of

prethreshold hot band structure associated with each linear

extrapolation was consistent with the thermal excitation It should be recognized that an AE for eq 1 only ever provides

(typically ~0.1-0.2 eV) observed for the corresponding mo- an upper limit to the cationic heat of formation. However, in

lecular ion PIE. the absence of any excess energy at threshold due to factors
Experiments were conducted at room temperature (296 K), such as a reverse activation energy and kinetic or competitive

with sample pressures of 1®Pa in the ion-source region. All shifts19 a true thermochemical value should be possible provided

compounds were obtained commercially and of research gradethat the auxiliary data used in eq 2 are reliable. Ab initio

purity. In each case, this was checked by gas chromatography transition-state calculations can help to provide an insight into

mass spectrometry (GC-MS) analysis. The dimethylamine andthe possible presence of a reverse activation energy while a

trimethylamine measurements were obtained using 40 and 30%kinetic or competitive shift is generally characterized by a slowly

aqueous solutions, respectively. PI mass spectra were recordedising onset of the PIE curve in the threshold region; both result

with the monochromator in a total reflection mode, that is, using in a higher than expected cationic heat of formation.

all available light produced by the hydrogen pseudocontinuum  Ultimately, it is the quality of the neutral thermochemical

(photons~ 7.7—14.5 eV). data that plays a major role in being able to derive accurate
Ab initio calculations for the various unimolecular reactions cationic heats of formation from threshold PIE measurements.
were performed using the Gaussian 03 suite of progtaams Because a large proportion of neutral precursor heats of

were carried out using either a dual 2.5 GHz PowerPC G5 formation required for this study are not available from
Macintosh desktop computer or the Australian Partnership for experimentand given the possibility of significant discrepancies
Advanced Computing (APAC) supercomputer facility. A num- with some of then?,it was proposed to use the Pedley group
ber of different composite methods were employed in this study, equivalence scherffeto obtain a self-consistent set of data. This
including G2, G2(MP2), G3, G3 with B3LYP/6-31G* optimized method, which is based on atomic heats of formation and bond
geometries (G3B3), CBS-APNO, and W1U. Unless specified energies, has an advantage over the earlier Pedley et al. rflethod
otherwise, where no explicit reference is given in the text to Where several critical component enthalpies are not available.
the particular composite method employed, calculated AEs, However, although the Pedley scheme has been shown to
reverse activation energies, and heats of formation were thoseproduce calculated heats of formation for a range of amines
obtained from G2 calculations. The transition state structures that are in good agreement with available experimental mea-
used to calculate reverse activation energies were characterizegurementg?it is not clear that this will necessarily apply across
by a single imaginary frequency, and their connectivity to the the wide range of amines studied here.

reactants and products was confirmed by intrinsic reaction To assess the reliability of the Pedley scheme, all relevant

coordinate calculations. amine heats of formation were calculated using the G3, G3B3,
G2, and G2(MP2) composite methods. These involved 0 K
Results and Discussion energies, G2-calculatddbeg® — Ho® values, and the following

experimenth0 K atomic gas-phase heats of formatioH: =
216.044 0.01 kJ mot1,22C = 711.79+ 0.21 kJ mot?,23 and
N = 470.574 0.05 kJ mof1.24Because CBS-APNO and W1U
calculations were not feasible for many of the larger amines,
+ . - they have not been included in this part of the study.
RX+h—X"+R+e @) The mean difference between the 26 Pedley estimated values
is related to the 298 K PI AE by the expression and the corresponding average of the four composite ab initio
methods was found to be2.8 + 2.6 kJ motl, indicating a
oty — ° o(p* reasonable correlation between the two sets of data. However,
AH208"(X") = A0 T AH;206°(RX) = Ay 208°(R) + excluding the three individual differences lying outside of the
AHg, (2) range—5.4 to—0.2 kJ mot? results in a slightly modified mean
and a greatly reduced standard deviation-¢f.3 + 1.1 kJ
mol~1. It is clear from this that there are several anomalous
. S . o e results, but the question is which particular approach is likely
AHgo = {Haeg” — Ho’H(X7) + {Hyeg” — Ho"H(R') — to be in error? Because the ab initio calculations do not rely on
6.2 kJ morl'* () data obtained from a range of different thermochemical experi-
ments, they should be less likely to produce such irregular
The individualHygg® — Ho® values can be obtained from  behavior. For this reason, all neutral amine heats of formation
statistical mechanical calculatiobsThese involve vibrational used in the present study (Table 1) were obtained from the
frequencies that are generally unavailable from experiment soaverage Gaussian calculated value, adjusted b3 kJ mof ™.
it is necessary to use theoretical data acquired from high-level The NIST databaséas been used as the source of all radical
molecular orbital calculations. All\H¢,r values employed in heats of formation, with the exception of methyl and isopropyl.
this study have been obtained from G2 calculations using the The methyl radical heat of formation was obtained from a critical
harmonic oscillator approximation to internal motions. In using evaluation by Ruscic et &2whereas the experimental measure-
eq 2, it is assumed that the cationic heat of formation is based ment of Tschuikow-Roux and Ch&was used for the isopropyl
on the stationary electron (ion) convenfiéhand that the Alg radical. This latter value is supported by recent high-level ab

We have showhthat, in the absence of any excess energy,
the 298 K heat of formation for the cation formed in the gas-
phase process

where AHco is a thermal enthalpy correction, given by



Immonium Cation Heats of Formation

TABLE 1: Amine Thermochemical Data (kJ mol~1)

amine Anyzggoa Hoog® — Hoob
methylamine —22.9 115
ethylamine —50.1 14.2
n-propylamine —69.5 17.7
n-butylamine —89.3 21.2
isobutylamine —-97.4 21.0
isopropylamine —85.0 17.4
2-butylamine -102.9 21.0
2-pentylamine —123.0 24.6
1,2-dimethylpropylamine —-128.2 24.4
dimethylamine —18.2 14.3
N-methylethylamine —45.9 17.6
N-methylpropylamine —65.3 21.2
N-methylbutylamine —85.5 24.5
N-methylisobutylamine —93.6 24.6
3-pentylamine —-122.2 24.6
tert-butylamine —-121.2 20.7
tert-pentylamine —-138.1 24.3
N-methylisopropylamine —77.6 21.0
diethylamine —-73.5 21.1
N-ethylpropylamine —-93.1 24.7
trimethylamine —28.0 16.6
N,N-dimethylethylamine —-51.1 20.8
N,N-dimethylbutylamine —90.7 28.1
N-methyl-tert-butylamine —-108.3 24.4
N-ethylisopropylamine —105.4 24.6
N,N-dimethylisopropylamine —75.2 24.1

a Average calculated values2.3 &+ 1.1 kJ mot? (see text)? G2
calculated values.

initio calculationg® and is consistent with AE data for 1,2-
dimethylpropylamine, as discussed in an earlier study of the
CH3CH=NH," heat of formatiori!

CH>=NH,". The methylenimmonium cation heat of forma-
tion was determined previously to be 749:51.3 kJ mof1.10
In that study, experimental neutral precursor heats of forn?&tion

were used in the thermochemical calculations. However, the

recent TPEPICO investigation by Baer and co-workkes cast
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in the NIST heat of formation for the isopropyl radical precluded
its use in the average.

If the previous experimental AE data are combined with the
present estimated neutral amine heats of formation and the
above preferred radical heats of formation, a weighted average
of 666.1+ 1.1 kJ mof? is obtained. Again, the higher value
for ethylamine (Table 2) has been excluded on the basis of a
calculated reverse activation energy of 22 kJ mholThis
increase of 1.0 kJ mot in AHs 295°(CH;CH=NH,"), which is
the result of using slightly different neutral thermochemical data,
demonstrates the importance of such information for the
determination of accurate cationic heats of formation from
precise spectroscopic measurements.

CH,=NH(CH3)". Them/z 44 PIE curves for five different
N-methylamino precursors each display a well-defined linear
region extending over a range of at least 0.2 eV. There is no
apparent indication of a kinetic or competitive shift with any
of the processes, and all of the experimental AEs are supported
by ab initio calculations.

The AExs of 9.69 + 0.01 eV for dimethylamine is in
excellent agreement with a recent TPEPICO measurement by
Bodi et al.?” their AE, of 9.768 4+ 0.023 eV converts to a
corresponding 298 K value of 9.68b 0.023 eV using eq 4.
These are both close to the Lossing et alonoenergetic El
measurement of 9.65 eV but significantly higher than the
9.41 eV obtained by Solka and Rus3glin their retarding
potential difference El study of dimethylamine. It is most
likely that the AE involves a small amount of excess energy.
The experimental breakdown results of Bodi ef’alvere
consistent wit a 4 kJ mot?! reverse activation energy, which
is close to the G2 calculated value of 8 kJ mol Their
data also indicated the presence of a smafi kJ moi?
kinetic shift. Thus, any CH=NH(CHz)* heat of formation
derived from AE data for H loss from ionized dimethylamine
is expected to be higher than the true thermochemical
value

doubt on several of those values, as well as some of the radical )

heats of formation. Table 2 presents the previously published

AE measuremem&but instead uses neutral heats of formation
from Table 1 to derive the corresponding value for &MH,™.
The weighted average for all five precursors is 749.0.9 kJ
molL.

This different result is largely a consequence of the 2.7 kJ
mol~! lower ethylamine heat of formation shown in Table 1.
In their recent study of primary amines, Baer and co-wotkers
noted the anomalous experimental heat of formation for
ethylamine and suggested a new value-60.14- 1.5 kJ mof™,

The AE for loss of methyl radical from ionizeld-methyl-
ethylamine has also been measured by Solka and Russell
(8.49 eV¥® and Lossing et al. (9.15 eV)Again, the present
experimental measurement of 9.220.01 eV is substantially
higher than the former AE but in good agreement with the latter
value. Calculations suggest that there should not be any reverse
activation energy associated with this fragmentation process.
This is also the case for the three other alkyl radical loss
processes studied here that lead to formation of the=€H
NH(CHs)™ cation (N-methylpropylamine, Akg= 9.03+ 0.01
eV; N-methylbutylamine, Ak = 9.02 + 0.01 eV; and

in excellent agreement with the present data. If the complete N-methylisobutylamine, Agg = 8.97 + 0.01 eV). No other

set of revised heats of formation akidys® — Ho® data proposed
by Baer and co-worke?ss used instead to derive the individual
AHs 208°(CH=NH,") values in Table 2, a weighted average of
748.04 0.9 kJ mottis obtained. Although this is in agreement
with the present Pl result, it is 2.3 kJ mélower than the actual
TPEPICO measurement of Baer and co-workensd 2.4 kJ
mol~! lower than that obtained from an earlier related study of
monomethylaminé’ As noted previously by Baer and co-
workers? the source of such a discrepancy between similar
threshold Pl and TPEPICO derived results is not clear.

CH3CH=NH;*. The heat of formation for the ethylidenim-
monium cation has been obtained recently by dissociative PI
in our laboratonyt! A value of 665.14 1.4 kJ mot* was derived

AEs are available for comparison, with the exception of
N-methylbutylamine; an El value of 9.13 eV, obtained by
Holmes et al?’ is significantly higher than the present measure-
ment, reflecting the greater difficulty in obtaining reliable AEs
from El experiments.

Table 2 summarizes the thermochemistry for the five PI
fragmentation processes producing £H#IH(CHg)*t. It can
be seen that theAHs .98’ [CH,=NH(CH3)™] derived from
dimethylamine is slightly higher than the other values, which
is consistent with the presence of a small reverse activation
energy. As there is not expected to be any excess energy
associated with the other four processes, the weighted average
of 706.14+ 1.0 kJ mot! should represent the thermochemical

based on AE measurements for three primary amine precursorsyalue for the CH=NH(CHj;)™ heat of formation. It is interesting
the value for H loss from ethylamine was excluded on the basis to note that this is 11.6 kJ ndl higher than that obtained by
of a significant reverse activation energy, whereas uncertainty Lossing et al but in exact agreement with the heat of formation
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TABLE 2: Derived@ 298 K Cationic Heats of Formation (kJ mol~?) for the Gas-Phase Reactions RX- hy — X* + R* + e~

RX X+ R AE (eV) AHi208° (XT)
methylamine Ch=NH;" H 10.18 749.8+ 1.5
ethylamine CH=NH," CHs 9.6 747.0£ 1.5
n-propylamine CH=NH," C:Hs 9.58 750.1+ 2.5
n-butylamine CH=NH," n-CgH- 9.59 751.9+ 25
isobutylamine Ch=NH;" i-CsH7 9.47 748.6+ 2.6
ethylamine CHCH=NH," H 9.61° 672.6+ 1.5
isopropylamine CHCH=NH," CHs 9.10 664.0+ 1.5
2-butylamine CHCH=NH," C;Hs 9.0r 667.7+ 2.5
2-pentylamine CHCH=NH," n-CgH7 9.00 668.3+ 3.0
1,2-dimethylpropylamine CHCH=NH " i-CsH7 8.9% 668.8+ 2.6
dimethylamine CH=NH(CHg)" H 9.69 712.1+15
N-methylethylamine Ck=NH(CHg)* CHs 9.12 704.9- 1.5
N-methylpropylamine CH=NH(CHa)*" CoHs 9.03 707.2£ 2.5
N-methylbutylamine Ch=NH(CH3)* n-CsH7 9.02 707.6£ 2.5
N-methylisobutylamine CH=NH(CHs)" i-CsH; 8.97 707.2+ 2.6
n-propylamine GHsCH=NH," H <10.1 <703.4
2-butylamine GHsCH=NH," CHs 9.10 649.0+ 4.9
3-pentylamine GHsCH=NH," C:Hs 8.86 636.8+ 2.5
isopropylamine (Ch),C=NHz* H <9.6 <640.9
tert-butylamine (CH).C=NH," CHs 8.86 608.8+ 1.5
tert-pentylamine (CH)2C=NH3" C:Hs 8.66 602.9+ 3.0
N-methylethylamine E-CH3;CH=NH(CH3)" H <9.9 <708.7
N-methylisopropylamine E-CH3;CH=NH(CHgz)" CHs 8.68 634.8£ 1.5
N-methylethylamine Ck=NH(CoHs) ™ H <9.9 <707.8
diethylamine CH=NH(CHs)* CH; 8.99 667.9+ 1.5
N-ethylpropylamine Ch=NH(CoHs)™ C:Hs 8.90 669.9+ 2.5
trimethylamine CH=N(CHj3)," H 9.61 697.8+ 2.2
N,N-dimethylethylamine Ch=N(CHy)," CH;s 8.80 672.1+ 2.2
N,N-dimethylbutylamine Ch=N(CHgz),* n-CgH7 8.63 668.0+ 2.5
N-methylisopropylamine (CH,C=NH(CHy)* H <9.3 <621.0
N-methyltert-butylamine (CH),C=NH(CHz)" CHs 8.46 584.8+ 2.2
diethylamine E-CH;CH=NH(C;Hs)" H <9.2 <616.9
N-ethylisopropylamine E-CH3;CH=NH(C;Hs)" CHs 8.61 603.5- 1.5
N,N-dimethylethylamine CBECH=N(CHs)" H <9.8 <697.9
N,N-dimethylisopropylamine CHCH=N(CHjy)," CHs; 8.43 617.0+ 2.2

a Calculated using eq 2.Ref 10.¢ Ref 11.

rederived by Hammerum and Sgllint include an enthalpy  with the removal of a more volatile isobaric impurity and once
correction given by eq 3. more demonstrates how sensitive threshold Pl measurements
C,HsCH=NH,". The loss of H from ionized propylamine can be to the presence of trace amounts of impurfies.
has a calculated reverse activation energy of 26 kJ ndn The loss of ethyl radical from ionized 3-pentylamine is not
addition, there is competition with the lower energy ethyl loss subject to any reverse activation energy or competitive shift.
process that occurs at 9.350.01 eV10 This results in a PIE Consequently, the Afgg of 8.86 & 0.01 eV should enable a
curve showing a long tail and a poorly defined onset with an reliable estimate to be made fAH; 295°(C,HsCH=NH"). No
AE < 10.1 eV. No other AE measurements are availdble. other AE measurements appear to have been made for 3-pen-
Like propylamine, the formation of £lsCH=NH," from tylamine? In the absence of further data, the calculated cationic
2-butylamine showed a very low photoion count rate in the heat of formation shown in Table 2 (63628 2.5 kJ mof?)
threshold region<{0.01 s%). Again, it was not possible to obtain  represents the best experimental estimate.
a well-defined onset, although a tentative Ad=of 9.10 + (CH3)2,C=NH;". Three amine precursors were available to
0.05 eV has been assigned. This is 0.14 eV higher than theprovide an AE for (CH),C=NH,". Like most H-loss processes
calculated Akgg Which is to be expected given that there is a in this study, the PIE curve for isopropylamine showed a long
calculated reverse activation energy of 12 kJ mhollt is, tail with a poorly defined thresholé9.6 eV. This is consistent
however, 0.21 eV higher than the corresponding EI AE of with the presence of a competitive shift, caused by the more
Lossing et al Because there is significant competition from favorable lower energy methyl loss fragmentation §4=
the m/z 43 and 44 fragment ions in the threshold region 9.10 + 0.01 eV}! and a calculated 35 kJ nidl reverse
(AE29g=8.914 0.01 and 9.0%: 0.01 eV, respectively} with activation energy.
an expected resulting competitive shift, the source of the Although the ARgg for methyl loss from ionizedtert-
discrepancy is not clear. One possible reason is that the Lossindoutylamine is not subject to any competitive shift, the well-
et al. measurement may have been compromised by a samplelefined onset of 8.8& 0.01 eV, which is in good agreement
impurity. We previously obtained an A of 8.96+ 0.02 eV1! with that obtained by Lossing et dlglmost certainly represents
However, despite GC-MS analyses indicating no measurablean upper limit because calculations show that there is a
mvz 58 impurity in the 2-butylamine sample, it was noticed that significant 23 kJ moi® reverse activation energy.
this AE shifted to higher energies following introduction into Despite the absence of any reverse activation energy or
the PIMS for approximately 24 h. Such an effect is consistent competitive shift associated with ethyl radical loss from ionized
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tert-pentylamine, the AE can also only represent an upper limit TABLE 3: Immonium Cation Heats of Formation (kJ
because there is no observed molecular ion in the PI massmol™*) Resulting from This Work

spectrum, that is, the Algg of 8.66 £ 0.02 eV represents a cation AH 20¢°
pseudo-IE. Thus, the derived cationic heat of formation of CH,=NH," 749 0+ 0.9
602.94 3.0 kJ mot! shown in Table 2 will probably be higher CH3CH=NH,* 666.1+ 1.1
than the thermochemical value. No other amine precursors were CH;=NH(CHg)* 706.1+ 1.0
available to verify this. However, a 0.04 eV lower calculated CoHsCH=NH," 636.8+ 2.5
AE,gs indicates that there is most likely some excess energy (CH3)2C=EH2+ N i602.9j: 3.0
involved with the present experimental AE. Ei}jNCHH@TiggHQ ggg:zi ig
E-CH3CH=NH(CH3)*. H loss from ionizedN-methylethy- CHz=N(CHa)," 668.0+ 2.5
lamine has a poorly defined onsetd.9 eV) that is significantly (CHz).,C=NH(CHa)* <584.8+ 2.2
higher than the G2 calculated Adg of 9.12 eV. No other AE E-CHsCH=NH(C;Hs)" <603.5+ 1.5
CH3CH=N(CHz),* <617.04+2.2

determinations appear to have been madée calculated

reverse activation energy of 21 kJ mél together with a ] .
competitive shift due to the lower energy methyl loss process, another; however, both are substaptlally Ipwer than the present
ensures that the cationic heat of formation shown in Table 2 AE20s Of 9.61=+ 0.02 eV. From an inspection of the threshold

will be significantly higher than the true thermochemical value. rggion, it is difficult to reconcile such a low AE, particularly
The ABses Of 8.68 % 0.01 eV for methyl loss from ionized given that the more favorable threshold law for PI usually results
98 . .

: D 1 .
N-methylisopropylamine is 0.03 eV lower than that obtained n a much greater threshold sensitivity thar' EDne possible

. . . explanation is that the use of the headspace from an aqueous
by Lossing et al. Although the onset is well-defined and no . - S0

" o . I solution of trimethylamine instead of a neat gas may have
competitive shift is present, the derived cationic heat of

. 1 ; . suppressed interference from any oth@e 58 ions of lower
frlc:rr;l]ztslo::c];ni?.l%nt‘:cl;‘Jan:g\ter(;reagﬁi\f;tliirzngr?;r“kel)é;ﬁ:%lateAE present in the sample. We have found that even very small
9 9 o . N energy, graces of isobaric contaminants can have a significant effect on
to be 8 kJ mot!. Ab initio calculations do indicate that the

. the threshold ion count rate and a corresponding appreciable
analogous fragmentation process of ethyl loss fidimethyl- o
. downward shift in the observed AB Nevertheless, the presence
2-butylamine should be free from any excess energy. However,

4 of both a reverse activation energy and a kinetic shift eliminates
to date, we have been unable to obtain a sample of the Precursot. i viami itabl for d -
t0 verify this. rimethylamine as a suitable precursor for determining an

_ N . . accurate Ch=N(CHs)," heat of formation.
CHz=NH(C2Hs)". As discussed above, H loss from ionized Methyl loss from ionizedN,N-dimethylethylamine has an

N-methylethylam_me has an AE 9.9 eV th_at |_nvolves EXCESS  AE,q50f 8.80+ 0.01 eV with ab initio calculations finding no
energy. Calculations show a reverse activation energy ff 8 kJ evidence for any reverse activation energy. This is in excellent
mql and a 298 K A.E of 9.51 e.V to form Ci#+NH(CoHs) . agreement with both the Lossing et'dEl value of 8.80 eV
This calculated Alwgis 0.39 eV higher than the corresponding 514 the PI measurement of 8.810.05 eV obtained by Log-
value for H Iois from the methylene group leadingH@Hs- uinov et al** However, it is 0.02 eV higher than that obtained
CH=NH(CHs)" and 0.39 eV hlgfer than the obsgrved methyl- from G2 calculations, which suggests the possible presence of
loss Alyesto form CH=NH(CH;)*. No other experimental AEs excess energy despite the absence of any competitive shift.

are available for comparisch. o The AEygs for loss of n-propyl radical from ionized\,N-

The AEpgs of 8.99+ 0.01 eV for methyl loss from ionized  gimethylbutylamine is found to be 8.680.01 eV. In this case,
diethylamine is 0.0? eV higher than the monqenergetic Elvalue ng other experimental AE is available for comparidcfihe
obtained by Lossing et &l.but 0.56 eV higher than the  apsence of any calculated reverse activation energy or competi-
nonmonoenergetic EI measurement of Collin and Fran¥kin. (e shift indicates that this particular fragmentation process
As there is no calculated reverse activation energy or competitive should be suitable for producing a reliable heat of formation
shift associated with this process, the derived cationic heat of g, CH;=N(CHs),". From Table 2, it can be seen that the
formation given in Table 2 is expected to be close to the true derived value is 4.1 kJ mo! lower than that for the corre-
thermodynamic value. sponding methyl loss fror\,N-dimethylethylamine, which is

Like diethylamine, PI ofN-ethylpropylamine to produce  consistent with some excess energy being involved with the
CH2=NH(CzHs)* should not involve any excess energy at latter threshold process. For this reason, the preferred
threshold. The well-defined Adgg of 8.90+ 0.01 eV produces  AHg 295°(CH>=N(CHz),*) from this study is 668.0 2.5 kJ
a derived cationic heat of formation in accord with that obtained mol1.
from diethylamine and leads to a weighted average of 668.4 (CH3)2C=NH(CH3)*. Two precursor amines were available
1.3 kJ mot? for AH208°(CH;=NH(CzHs)*). to study the energetics of (GHC=NH(CHs)* formation. The

CH>=N(CH3),". Three precursors were used to study the PIE for H loss from ionizedN-methylisopropylamine showed
energetics of Ck=N(CHjz)," formation. The loss of H from a long tail with a poorly defined threshold9.3 eV. Given that
photoionized trimethylamine was also investigated by Bodi et there is a calculated reverse activation energy of 29 kJ ol
al?” Despite this being the lowest energy process, and thereforeand that the major fragmentation process is methyl loss with a
not subject to any competitive shift, they found that there was much lower AE, no meaningful cationic heat of formation can
a significant kinetic shift £0.20 eV) in addition to a reverse  be derived from this AE.
activation energy of 7 kJ mot; the curvature in the threshold The PIE for loss of methyl radical from ionizédtmethyl-
region of the PIE curve is consistent with such a kinetic shift tert-butylamine shows some curvature in the threshold region
effect. Bodi et al. were unable to derive a definitive AE from that increases the uncertainty associated with the observeg AE
a detailed analysis of their TPEPICO data, although they did = 8.46+ 0.02 eV. In addition, there is a significant calculated
quote an Al range of 9.4149.458 eV (Akgs = 9.302- reverse activation energy of 22 kJ mglwhich means that the
9.346 eV). This and the monoenergetic El value of 9.38 eV derivedAHs29¢°[(CH3),C=NH(CHjz)"] of 584.8+ 2.2 kJ mot*!
obtained by Lossing et alare in essential agreement with one shown in Table 2 can only be taken as an upper limit.
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TABLE 4: Composite Ab Initio 298 K Cationic Heats of Formation (kJ mol —1)

cation G3 G2 G2 (MP2) G3B3 CBS-APNO W1u average experiment
CH,=NH" 753.1 749.2 749.1 752.4 751.1 748.7 750.6 749.0
CH;CH=NH," 668.8 666.0 667.5 668.5 663.1 660.7 665.8 666.1
CH,=NH(CHg)* 712.6 708.1 708.9 712.1 708.7 706.8 709.5 706.1
CoHsCH=NH," 637.6 635.2 637.9 637.3 628.6 626.3 633.8 636.8
(CHg)2,C=NH,* 594.1 591.4 594.3 594.4 584.7 583.0 590.3 <602.9
E-CH3;CH=NH(CHz)* 636.0 632.7 635.0 636.2 628.7 627.3 632.6 <634.8
CHz=NH(C;Hs)" 674.0 670.3 672.1 673.9 667.3 665.8 670.6 668.4
CH=N(CHj)," 673.8 669.2 670.7 673.5 668.2 667.1 670.4 668.0
(CHs)2C=NH(CHg)* 571.0 568.0 571.6 572.0 560.4 560.1 567.2 <584.8
E-CH3;CH=NH(C:Hs)* 598.9 596.2 599.6 599.3 588.8 587.8 595.1 <603.5
CH3;CH=N(CHa)2" 612.6 609.0 611.8 612.1 603.5 602.6 608.6 <617.0

TABLE 5: Difference between Composite Ab Initio and Experimental 298 K Cationic Heats of Formation (kJ mof?)

cation G3 G2 G2 (MP2) G3B3 CBS-APNO wiu average

CHy=NH," 4.1 0.2 0.1 3.4 2.1 -0.3 1.6
CH3CH=NH,"* 2.7 -0.1 1.4 2.4 -3.0 —5.4 -0.3
CH;=NH(CHz)*" 6.5 2.0 2.8 6.0 2.6 0.7 3.4
CHsCH=NH," 0.8 —-1.6 1.1 0.5 —8.2 —-10.5 -3.0
CH;=NH(C;Hs)* 5.6 1.9 3.7 55 -1.1 —-2.6 2.2
CHx=N(CHjy)," 5.8 1.2 2.7 55 0.2 -0.9 2.4

mean absolute difference 4432.2 1.2+ 0.8 2.0+ 1.3 3.9+22 29+238 3.4+ 4.0 22+1.1

Unfortunately, no other suitable amine precursors were availableused composite ab initio methods available with the Gaussian
to be investigated. 03 suite of program¥

E-CHsCH=NH(C2Hs)". Like most other H-loss processes  Six different methods have been used to determine 298 K
studied here, the PIE for diethylamine has a long tail with a cationic heats of formation via the atomization method described
poorly defined threshold<9.2 eV. The calculated reverse by Radom and co-workeP. The results for all 11 cations
activation energy of 21 kJ mol, plus a competitive effect due  studied here are given in Table 4, from which it can be seen
to the lower energy methyl loss fragmentation process with there is general good agreement between theory and experiment.
AEz9s = 8.99 + 0.01 eV, ensures that there will be excess A comparison of the relative accuracy of each method, based
energy at the threshold AE. on the set of six cations for which thermochemical values were

Although methyl loss from ionizedN-ethylisopropylamine  able to be obtained, is given in Table 5. Overall, the best
has a well-defined Afgg of 8.61+ 0.01 eV with no competitive  performance is obtained from the G2 method, which produces
shift, there is a small calculated reverse activation energy of a mean absolute deviation from experiment of just £2

9 kJ mott, which implies that the derivedHs 208’ E-CH;CH= 0.8 kJ mot! and a maximum deviation of 2.0 kJ mél

NH(CzHs)*] of 603.54 1.5 kJ mol* shown in Table 2 is almost  Surprisingly, the nonempirical W1U method, which requires

certainly too high. the greatest computing power [e.g., a W1U calculation for the
CH3CH=N(CH3).". The PIE for loss of H from ionizetl,N- (CH3)2,C=NH(CHjz)* cation used 232 GB of mass storage and

dimethylethylamine shows a long tail with a poorly defined AE  over 234 h of CPU time at the APAC supercomputer facility,
< 9.8 eV. There is also a significant calculated reverse activation as compared to 12 GB of mass storage and just 81 min of
energy of 15 kJ mol, together with competition from the  computing time for a similar G2 calculation], gives a noticeably
methyl loss fragmentation process with the much lowesAE  poorer agreement. Some of the divergence may be a conse-
of 8.80+ 0.02 eV. quence of limitations in the auxiliary thermochemical data used
There is some curvature in the threshold region of the PIE to derive the experimental cationic heats of formation. Never-
curve for methyl loss from ionizel,N-dimethylisopropylamine,  theless, the present results demonstrate that G2 calculations are
which increases the uncertainty associated with theo/\&f able to provide reliable results for a range of immonium cations
8.43+ 0.02 eV. Although there is no competitive shift present, with relatively modest computational demands.
there is a calculated reverse activation energy of 5 kJ ol
which would suggest that the derived cationic heat of formation -qncjusions
of 617.04 2.2 kJ mot? given in Table 2 is probably higher
than the true thermochemical value. Threshold dissociative Pl mass spectrometry has been used
Calculated Cationic Heats of Formation. The use of ab to measure the appearance energies for immonium cation
initio calculations to evaluate gas-phase neutral and ion ther- formation from 25 alkyl amine precursors. These were combined
mochemistry is now routine. For many small molecules and with a set of neutral amine heats of formation calculated by
cations, the agreement between theory and experiment is oftenG3, G3B3, G2, and G2(MP2) composite ab intio methods to
better than 1 kJ mol-32 particularly when high-level methods  derive 298 K cationic heats of formation for 11 different cations.
are used® However, computational requirements can very Because of excess energy at threshold for many of the
quickly become prohibitive for even relatively small species, unimolecular fragmentation processes, it is only possible to
necessitating the use of less demanding methods. obtain reliable values for C4##NH," (749.0+ 0.9 kJ mof?),
Validation of different theoretical predictions with experi- CH;CH=NH," (666.14 1.1 kJ mot?), C;HsCH=NH," (636.8
mental measurements requires that such data are avat#table. = 2.5 kJ mot?), CH;=NH(CHz)* (706.1 £ 1.0 kJ mof?),
Unfortunately, this is not always the casé&he group of CH;=NH(C;Hs)™ (668.44 1.3 kJ mot?), and CH=N(CHz),"
immonium cation heats of formation determined in the present (668.0 £ 2.5 kJ moitl). When these are compared to those
study (Table 3) provides for the first time a set of reliable calculated by each of the G3, G3B3, G2, G2(MP2), CBS-APNO,
experimental data for benchmarking a number of commonly and W1U composite ab initio methods, it is found that the
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smallest mean absolute deviation of H20.8 kJ mof? is
obtained from the G2 calculations.
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