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a b s t r a c t

The dissociation dynamics of energy-selected neopentylamine cations, (CH3)3CCH2NH2
+, were studied

using threshold photoelectron photoion coincidence (TPEPICO) spectroscopy in which ion time-of-flight
(TOF) distributions are recorded as a function of the ion internal energy. The lowest energy pathway,
producing the CH3NH3

+ ion, involves a rearrangement of the molecular ion. The 0 K dissociation onsets
for the production of the CH3NH3

+, CH2NH2
+, and (CH3)2CCH2NH2

+ ions have been determined to be
9.54 ± 0.05, 9.647 ± 0.025 and 9.90 ± 0.1 eV, respectively. Because the heat of formation of the CH2NH2

+ + t-

eywords:
eopentyl amine
hotoionization
PEPICO
eat of formation

C4H9
• products are established, we can use the measured onset of 9.647 eV for this reaction to establish

the neopentylamine �fH◦
298 = −130.3 ± 3.3 kJ/mol. This result is used in a group additivity scheme to

estimate the neopentyl alcohol heat of formation as �fH◦
298 = −315.5 ± 4 kJ mol−1. Both of these results

are strongly supported by a series of isodesmic reactions calculated at the G3B3 and CBS-APNO levels.
This is the first reported experimental heat of formation of the neopentylamine and the first reported
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. Introduction

The CH2NH2
+ ion is the lowest energy fragment ion in the disso-

iative photoionization of small primary amines, RCH2NH2 where
≤ C4H9 [1–3]. Harvey and Traeger [2] and Traeger [3] took advan-

age of this property to determine an average heat of formation of
he CH2NH2

+ ion from the dissociative photoionization of a series
f primary amines. We recently measured the dissociation onsets
or the CH2NH2

+ product ion for the same set of primary amines
sing threshold photoelectron photoion coincidence (TPEPICO) [1].
owever, rather than assuming the heats of formation of the alkyl

adicals, Bodi et al. [1] combined the experimental onset energies
ith calculated onsets from a network of isodesmic reactions to
evelop a self consistent set of alkyl radical and primary amine
eats of formation with error limits of 2 kJ/mol.

The addition of an extra CH2 group to the alkyl chain, generates
mines that can dissociatively ionize to produce the methylenim-
onium ion and the n-butyl, iso-butyl, or t-butyl radicals. However,
his reaction is now in competition with other dissociation paths,
aking the C4H9CH2NH2

+ ion dissociation dynamics more difficult
o interpret. Among these is neopentylamine, which dissociates to
everal products, including CH2NH2

+ + t-C4H9
•. We have recently

∗ Corresponding author. Tel.: +1 919 962 1580; fax: +1 919 962 2388.
E-mail address: baer@unc.edu (T. Baer).
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eveloped modeling schemes that permit us to quantitatively inter-
ret higher energy thresholds for parallel and consecutive reaction
aths [4], and we use this approach here to interpret the neopenty-

amine TPEPICO data.

. Experimental

The TPEPICO apparatus has been described in detail elsewhere
5,6], thus only a brief summary is given here. Sample vapor at

controlled temperature between 210 and 400 K is introduced
nto the ionization region through a small stainless steel capillary
nd ionized with vacuum ultraviolet (VUV) light from a hydrogen
ischarge lamp dispersed by a 1 m normal incidence monochro-
ator with a resolution of 8 meV at a photon energy of 10.0 eV. The
UV wavelengths are calibrated by using the Lyman-� emission
t 1215.67 Å, which is the most intense line in this spectrum. The
ons and electrons are extracted in opposite directions with an elec-
ric field of 20 V/cm. Electrons pass through a second acceleration
egion where they are accelerated to a final energy of 74 eV. They
hen drift 13 cm along a field free drift region. The applied voltages
re designed to velocity focus threshold electrons onto a 1.4 mm

perture at the end of the electron drift region, where a channel-
ron detects them. At the same time energetic electrons are focused
o concentric rings around the central hole, the diameter of which is
ependant on their initial perpendicular velocity component. Elec-
rons hitting a 3 × 7 mm opening centered 5 mm away from the

http://www.sciencedirect.com/science/journal/13873806
mailto:baer@unc.edu
dx.doi.org/10.1016/j.ijms.2008.07.036
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Fig. 2. Breakdown diagrams of the dissociation of t-C4H9CH2NH2
+ at room temper-

ature and at 223 K. Points are measured ion abundances for (CH3)3CH2NH2
+ (open

squares, black), CH2NH2
+ (open triangles, red), CH3NH3

+ (open circles, green), and
(CH3)2CH2NH2

+ (closed circles, blue). Lines are best-fit RRKM curves from model 1
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entral hole are collected by a second channeltron and provide a
easure of the hot electron signal. By subtracting a fraction of the

oincidence spectrum obtained with the second channeltron from
he TPEPICO spectrum, we obtain a TPEPICO spectrum free of ‘hot’
lectron contamination.

Ion time-of-flights (TOF) are determined with one of two ion
ptics arrangements. In the linear time-of-flight mass spectrometer
LinTOF), ions are accelerated first to 100 eV in a 4.8 cm acceler-
tion region and then to 260 eV in a second 0.2 cm region. The
ons pass through a 26 cm drift region and are then decelerated to
10 eV, where they drift for another 7.6 cm before being collected
y a chevron multichannel plate detector. In the reflecting time-of-
ight mass spectrometer (ReTOF), the ions are accelerated to 100 eV

n the first 5 cm long acceleration region and travel 40 cm in the
rst drift region. Ions are then reflected and travel through another
5 cm second drift region before being collected by a tandem mul-
ichannel plate ion detector. The electron and ion signals are used
s start and stop pulses for measuring the ion time-of-flight (TOF).
PEPICO TOF spectra with good signal to noise were collected in
–12 h. The TOF distributions, obtained at series of closely spaced
hoton energy, are used to obtain the fractional abundance of the
recursor and the product ions (breakdown diagram).

If the dissociation is rapid, the fragment TOF peaks are symmet-
ic. A reverse barrier in the dissociation channel, which is associated
ith significant translational energy release, appears as a peak

roadening. On the other hand, a slow reaction, taking place on
he time scale of microseconds, results in an asymmetric TOF peak
ecause the ions are dissociating while accelerating in the 5 cm long
cceleration region.

. Results and discussion

Time-of-flight mass spectra were obtained at a range of energies
etween 9.0 and 12.0 eV at both room temperature and at 223 K.
ypical TOF distributions obtained at several photon energies are
hown in Fig. 1. These spectra have been corrected for the pres-
nce of energetic electrons. The peak at 21.3 �s corresponds to the
eopentylamine ion, the peak at 19.2 �s is the (CH3)2CCH2NH2

+

+
on, resulting from the methyl loss channel, and the CH2NH2 ion
s observed at 12.5 �s. The asymmetric peak from 12.8 to 17.5 �s
orresponds to the CH3NH3

+ ion. The asymmetry of the TOF peak
rises from ions that dissociate slowly and therefore do so across a
ange of positions throughout the acceleration region. The peak at

ig. 1. TOF mass spectra at the photon energies indicated collected at 223 K on the
inTOF mass spectrometer (see text). Black lines are experimental points, red lines
re best-fit RRKM simulations using model 2 (see text). (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of
he article.)
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dashed, see text) and model 2 (solid, see text). Average dissociation onsets from the
wo models are shown, individual values appear in Table 1. (For interpretation of
he references to color in this figure legend, the reader is referred to the web version
f the article.)

2.2 �s is attributed to CH3NH3
+ ions produced in the drift region

ions which dissociate in the drift region appear at TOF’s longer than
hat of the parent ion due to the subsequent deceleration region),
llowing for one extra data point in the determination of the rate
onstant of that channel at each photon energy.

The fractional abundance, corrected for the hot electron contam-
nation, of all ions from the recorded TOF spectra at many different
hoton energies are plotted as a function of the photon energy,
ielding the breakdown curves given in Fig. 2. The open points are
he experimentally determined ion ratios and the solid lines are
he simulated ion ratios. At low energy, only the neopentylamine
on, (CH3)3CCH2NH2

+, is present. At higher energies the CH3NH3
+

on is observed, but it is quickly overtaken by the appearance of
he CH2NH2

+ ion. Above 10 eV, a CH3
• loss channel for the produc-

ion of the (CH3)2CCH2NH2
+ ion opens up. The reaction scheme is

ummarized in Eqs. (1a)–(1c).

→ CH3NH3
+ + CH3CCH2CH2

• (a)
(CH3)3CCH2NH2 + h� → CH2NH2

++C(CH3)3
• (b)

→ (CH3)2CCH2NH2
++CH3

• (c)
(1)

The asymmetric TOF distributions in Fig. 1 for the lowest energy
eaction (1a) leading to the CH3NH3

+ ion, permit us to measure the
issociation rate constants, k(E), for this rearrangement reaction. As
result, the relative rates for reactions (1b) and (1c) can be placed
n an absolute basis at higher energies, where their peaks are just
arely asymmetric. The derived rate curves are shown in Fig. 3.
.1. Modeling parallel dissociation pathways

Low-energy ions of the primary amines RNH2 (R = CH3, C2H5,
3H7, C4H9, i-C4H9) dissociate exclusively by cleavage at the �-
arbon to produce CH2NH2

+. The neopentylamine ion, however,
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Fig. 4. Reaction coordinates of models 1 (dotted, red), 2 (solid, black), and 3 (dashed,
blue) (see text for description of each model) and best-fit dissociation barrier heights
(kJ mol−1) relative to the neopentylamine ion. Structures shown are either station-
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ig. 3. Rate constants determined from RRKM modeling of observed TOF spec-
ra for channels 1a (solid line), 1b (dashed line), and 1c (dotted line) (see text).
he overlayed box indicates the range over which direct rate information is
easured.

ragments via several parallel, competing pathways in the energy
ange from 9.0 to 12.0 eV. The modeling of parallel pathways has
een published in detail previously [4], and we follow the same
pproach here. This is done by taking into account the neopenty-
amine thermal energy distribution, which is determined from the
FT calculated vibrational and rotational frequencies of the neutral
olecule. The rate constants for the three reactions (1a)–(1c) were

alculated by RRKM theory [7] using calculated vibrational frequen-
ies of the dissociating ion and its transition states. The transition
tate frequencies for simple bond cleavage reactions were obtained
y stretching the bond that breaks to about 4 Å and calculating
he frequencies for this extended structure. The one imaginary
requency is the bond stretch. The five lowest real frequencies
assumed to correspond to the five vibrational modes transitioning
nto product rotations) along with the dissociation onset energies
re treated as optimizable parameters in order to obtain a best-fit
o both the breakdown diagram and TOF spectra.

The results of the modeling obviously depend on the nature of
he dissociating ion and the transition states to each product. This
resents a problem because we do not know the mechanism for
he CH3NH3

+ production, which involves the transfer of two hydro-
en atoms, nor do we understand why this product is observed in
he neopentylamine ion dissociation but not in the dissociation of
ther primary amine ions. The latter point is particularly interest-
ng because this channel produces more stable products than does
-cleavage in the cases of not only the neopentyl but also the n-
utyl and isobutyl amine ions. Bowen and Williams [8] and Bowen
nd Maccoll [9] noted that isobutyl alcohol ions dissociate primar-
ly to CH3OH2

+ (analogous to channel 1a) while isobutylamine ions
issociate primarily to CH2NH2

+ (analogous to channel 1b). They
roposed that in both cases as the � C–C bond is stretched an inter-
ediate complex (e.g., [propene + methanol]•+ for isobutyl alcohol)

s stabilized by ion-dipole attractions, allowing for a molecular rear-
angement and double-hydrogen transfer in the case of the alcohol
ut not the amine due to a proposed low-energy alkene–alcohol ion
omplex, but a somewhat higher energy alkene–amine ion com-
lex. The strong long-range attraction in the mechanism would
uggest a late, loose transition state.

Hammerum and Derrick [10] rejected this argument by not-
ng that low-energy neopentylamine ions dissociate primarily to
H3NH3

+ while isobutylamine ions do not, and that the respec-
ive alkene–amine ion complexes would have very similar heats

elative to the respective ground state ions. Hammerum sug-
ests an alternative mechanism elucidated from the behavior of
electively deuterated amines. Mass spectra of RND2 (R = propyl,
sobutyl, butyl, neopentyl) ionized by 70 eV electrons show signifi-

t
h
t
e

ry points or, for dissociating species, results of constrained optimizations at the
3LYP/6-31G* level. (For interpretation of the references to color in this figure legend,
he reader is referred to the web version of the article.)

ant scrambling in both CH2NH(D)2
+ and CH3NH(D)3

+ production,
hereas deuteration of the �-carbon in isobutyl and neopentyl

mine shows no scrambling. This suggests that in the cases of both
sobutyl and neopentyl amine ions, a reversible 1,4 hydrogen trans-
er readily occurs (whether or not the eventual dissociation is to
H3NH3

+) and the CH3NH3
+ channel must involve a second hydro-

en transfer to the �-carbon.
The ill-defined and complicated mechanism for channel 1a

resents a challenge to model and for the accurate extraction of
dissociation onset. On the other hand, the goal of this work, the
etermination of the neopentylamine heat of formation, depends
nly on the onset of channel 1b. If the rate of channel 1a is accurately
eproduced over the experimental range, regardless of the correct-
ess of the mechanism, the onset of channel 1b can be determined.
o this end, we attempt to model the dissociation by the simplest
ethod possible that reproduces the measured rates for channel

a.
First, we treat all three dissociations as simple bond cleavages

f the neopentylamine ion. This model cannot reproduce the rates
f channel 1a across the full experimental range. The data can be
t, however, by assuming a reverse barrier in channel 1a (Fig. 4,
odel 1). The heats of formation for the products of both channels

a and 1b are fairly well established [1,11–14], so that we can fix
he difference between the final product energies at 37 kJ mol−1. By
arying the height of the reverse barrier and the critical imaginary
requency of the transition state (tunneling is modeled by assum-
ng an Eckart barrier [7]) we obtain a good fit to the data assuming
critical frequency of 700i cm−1. We are unclear on the nature of

he transition state of channel 1a and treat the lowest calculated
requencies of [CH3NH3· · ·t-C4H9]+ as adjustable parameters to fit
he experimentally determined dissociation rates. The fits to the
reakdown diagrams appear in Fig. 2, and the best-fit dissociation
nsets and activation entropies appear in Table 1. The best-fit TOF
pectra are nearly identical to those presented in Fig. 1. Uncertain-

ies are determined for each onset by fixing that onset to values
igher or lower than the determined best-fit until no reoptimiza-
ion produces a good fit to the experimental data, as judged by
ye.
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Table 1
Best-fit dissociation onsets and activation entropies at 600 K for t-C4H9CH2NH2

+ dissociation at 223 K

Channel 1aa Channel 1ba Channel 1ca

E0 (eV) �S# (J mol−1 K−1) E0 (eV) �S# (J mol−1 K−1) E0 (eV) �S# (J mol−1 K−1)

Model 1a

223 K 9.55 ± 0.05 96 9.650 ± 0.025 133 9.90 ± 0.1 151
298 K 9.53 ± 0.05 96 9.638 ± 0.030 133 9.94 ± 0.1 151

Model 2a
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0
isodesmic reactions

C4H9CH2NH2 + RCH3

→ C4H9CH2CH3 + RNH2(R = CH3, C2H5, C3H7, C4H9,i-C4H9)

Table 2
Comparison of experimental and estimated heats of formation

�H◦
f,298 K

(kJ mol−1)

Experiment Pedley methoda

CH3NH2 −21.8 ± 1.5b −23.5
C2H5NH2 −50.1 ± 1.5b −49.9
C3H7NH2 −70.8 ± 1.5b −70.7
C4H9NH2 −89.6 ± 2.0b −91.5
i-C4H9NH2 −97.8 ± 1.0b −98.2
t-C4H9CH2NH2 −130.3 ± 3.3c −129.1
t-C4H9CH2OH −315.4 ± 4d −314.3
223 K 9.52 ± 0.05 120 9.644 ±
298 K 9.53 ± 0.05 120 9.638 ±
a See text for model and channel descriptions.

Although model 1 (with the exit barrier) accurately models the
ate of CH3NH3

+ production, channel 1a cannot be the result of
simple bond cleavage from neopentylamine ion, and the mech-

nism likely proceeds through the distonic ion produced by 1,4
ydrogen transfer. We can model the dissociation as described
bove, but with all products leaving instead from this isomer (Fig. 4,
odel 2). The best-fit TOF spectra and breakdown diagrams are

hown in Figs. 1 and 2. Best-fit parameters appear in Table 1. Both
echanisms produce nearly identical dissociation onsets for all

hree channels. Model 2 does not explicitly consider isomerization
etween the neopentylamine ion and the distonic isomer. If, how-
ver, we assumed the isomerization to be fast and the populations
n equilibrium, the dissociation rate would be a function of the sum
f the densities of states of two ions [7]. Because the distonic ion
somer is significantly lower in energy, its density of states would
e much larger and dominate that sum, and the calculated dissoci-
tion rates would be approximately the same as those derived from
odel 2.
By finding the isomerization transition state using the QST2

ethod, we calculate the forward and reverse barriers by the G3B3
ethod to be 53 and 83 kJ mol−1, respectively. These calculated bar-

ier heights are similar to those calculated for 1,4 hydrogen transfer
ccurring in other primary amines [15,16]. However, by modeling
he dissociation assuming this isomerization barrier (Fig. 4, model
), we are unable to fit our data. In particular, the constant 5%
bundance of CH3NH3

+ observed at photon energies above 10 eV
ndicates that the rate curves of channels 1a and 1b are parallel, and

e can only reproduce this feature if the isomerization occurs much
aster than that suggested by the calculations. Our data are con-
istent with a negligibly small barrier to the 1,4 hydrogen transfer
somerization. It is not apparent if this discrepancy extends to other
rimary amines which do not dissociate to CH3NH3

+ and therefore
ack the same means of comparison between the experiment and
alculations.

Finally, it is important to note that the best-fit onset to channel
b (the only one from which we extract thermochemical data) was

dentical to within 0.9 kJ mol−1, regardless of the mechanism used
o model the CH3NH3

+ dissociation. Additionally, while the litera-
ure value of the ionization energy of neopentylamine [17] has a
elatively large (8.5 ± 0.1 eV) uncertainty, the value calculated by
he G3B3 method, 8.53 eV, agrees very well, and in any case the
est-fit onset for channel 1b was insensitive to the value used.

.2. The neopentylamine heat of formation

The 0 K onset for the NH2CH2
+ + C4H9

• channel can be used to
stablish the heat of formation of the neopentylamine because both

he methylenimmonium ion [1–3] and the t-butyl radical [13,18]
ave well established heats of formation (see Table 1). Because
he dissociation onset of neopentylamine at 223 K is sharper than
t room temperature, we consider the colder values more reli-
ble and use the average onset at this temperature from models t
152 9.90 ± 0.1 163
152 9.90 ± 0.1 163

and 2 described above. This leads to a 0 K neopentylamine heat
f formation of −90.4 ± 3.3 kJ mol−1, which can be converted to
298 K heat of formation of −130.3 kJ mol−1 by the usual ther-
ochemical cycle using vibrational frequencies calculated at the

3LYP/6-311++G** level. No value for this molecule is found in the
ost recent Pedley compilation [19] or a search of more recent

iterature. However, the estimation method of Pedley [19], which
rovides excellent agreement with experimental heats of forma-
ion of other primary alkanes (Table 2), suggests a 298 K heat of
ormation of 129.1 kJ mol−1, in agreement with our experiment.
dditionally, a value of −130 kJ mol−1 was extracted by Hammerum

rom the proton affinities of a series of amines [17] by an undocu-
ented method and without a reported uncertainty [10].
We can evaluate the accuracy of the experimental heat through

igh level ab initio calculations. Bodi et al. [1] determined the heats
f formation of a series of primary amines (RNH2: R = CH3, C2H5,
3H7, C4H9, i-C4H9) by linking two isodesmic reaction networks
hrough the experimentally determined 0 K onsets of dissocia-
ions analogous to channel 1b. The heats of formation of the
mines, methylenimmonium ion, and alkyl radical co-products
ere optimized to minimize discrepancies between calculated and

xperimental values throughout the network. Here we expand the
eaction networks

NH2 + R′CH3 → RCH3 + R′NH2

• + R′CH3 → RCH3 + R′•

o include neopentylamine and the t-butyl radical. The average
K heat of formation of neopentylamine determined from five
a From Ref. [19].
b From Ref. [1].
c Derived from this experiment.
d Value estimated from t-C4H9CH2NH2 and t-C4H9CH2CH3 heats as described in

he text.
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Table 3
New heats of formation resulting from this work and ancillary values used (kJ mol−1)

Species �fH◦
0 �fH◦

298 H298 − H0

Experiment Calculateda

NH2CH2
+ 750.3 ± 1.0b 10.4

t-C4H9
• 76.4 ± 2.0c 77.2 ± 4 51.8 ± 2.0c 17.7

t-C4H9CH2NH2 −90.4 ± 3.3 −92.0 ± 4 −130.3 ± 3.3 24.7d

t-C4H9CH2OH −279.3 ± 4e −282.3 ± 4 −315.5 ± 4e 24.2d

a Average value of isodesmic reaction described in the text at the G3B3 and CBS-APNO levels.
b From Bodi et al. [1].
c Average of Berkowitz et al. [14] and Traeger [13].
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d Heats of formation are converted between 0 and 298 K by the standard thermo
he B3LYP/6-311++G** level. Treatment of internal rotations as vibrations slightly
eopentylamine and 0.65 kJ mol−1 for neopentyl alcohol are estimated from the cor
e Value estimated from t-C4H9CH2NH2 and t-C4H9CH2CH3 heats as described in t

sing the Gaussian 03 quantum chemical package [20] (G3B3 and
BS-APNO levels) is −92.0 ± 4 kJ mol−1. The results of these cal-
ulations as well as auxiliary literature heats of formation used
re available as online supporting information. Assigning reliable
ncertainties to the results of the isodesmic calculations requires
ome estimation. The CBS-APNO [21] and G3B3 [22] methods have
een shown to calculate energies with mean absolute deviations
f within 4 kJ mol−1 for both closed and open-shell [23] species,
nd we assume this as the uncertainty in each individual calcu-
ated energy. Convoluting the four calculated energies involved in
he determination of each heat of reaction yields an uncertainty
f 8 kJ mol−1, and combining the results of the two-independent
ethods used for each reaction yields an uncertainty of 5.7 kJ mol−1

or each of the five isodesmic heat of reactions. We consider these
rrors to be conservative because we do not take into account the
ancellation of errors associated with the use of isodesmic reac-
ion energies. This error convoluted with the uncertainties of the
iterature values RCH3, RNH2, and 2,2-dimethyl butane yields the
ncertainty in each derived heat of formation of neopentylamine.
ecause the literature values are all known quite precisely, the
ncertainty in the calculation dominates and we report the heat of
ormation uncertainties as 6 kJ mol−1. The neopentylamine heats of
ormation derived from the five isodesmic reactions are not entirely
ndependent of one another (they each depend on the calculated
alues of neopentylamine and 2,2-dimethyl butane) and cannot be
rivially combined, however a sum uncertainty of 4 kJ mol−1 in the
alculated 0 K neopentylamine heat of formation is reasonable. We
ote that all five values lie within 1.2 kJ mol−1 of the mean.

The calculated heat of formation is in excellent agreement

ith our experimental value (−90.4 ± 3.3 kJ mol−1). Furthermore,

he average calculated 0 K heat of formation of the t-butyl rad-
cal, derived from the second set of isodesmic reactions, is
7.2 ± 4 kJ mol−1, which is in good agreement with the recom-
endation of Berkowitz, Ellison, and Gutman and the recent

n
1
a
e
t

able 4
98 K heats of formation of primary alkanes, amines, and alcohols (kJ mol−1)

–X X = CH3
a X = NH2

b

2H5X −104.7 ± 0.5 −50.1 ± 1.5
-C3H7X −125.7 ± 0.6 −70.8 ± 1.5
-C4H9X −146.9 ± 0.8 −89.6 ± 2.0

-C4H9X −153.6 ± 0.9 −97.8 ± 1.0

H3C(CH3)2CH2X −185.9 ± 0.9 −130.3 ± 3.3e

a From Pedley [19].
b From Bodi et al. [1].
c Difference between columns 2 and 4.
d Difference between columns 3 and 4.
e Determined in this study.
f Estimated by using the average differences between the corresponding alkane and alc
ical cycle using harmonic vibrational frequencies calculated using Gaussian 03 at
estimates the correction to the thermal enthalpy. Adjustments of 0.8 kJ mol−1 for
ns explicitly calculated for a series of other primary amines and alcohols [1].
t.

etermination by Traeger [13,14]. The two series of isodesmic
eactions are linked by the onset of channel 1b. Because the aver-
ge calculated E0 (9.663 eV ± 0.05) is in good agreement with our
xperimentally determined onset (9.647 ± 0.025 eV), the reaction
etwork remains self-consistent without reoptimization of the
ther amine or radical heats. Experimental and calculated heats
f formation are summarized in Table 3.

It is interesting to note that up until 1994, there was significant
ebate about the heat of formation of the t-butyl radical. The value
easured by Seakins et al. [24] and recommended by Berkowitz et

l. [14] is more positive than most previous determinations but has
ained general acceptance due to subsequent theoretical [25] and
xperimental [13,26,27] verification. The inclusion of the t-butyl
adical and the channel 1b onset into the self-consistent isodesmic
eaction network also supports this so-called “high” value of the
-butyl radical heat of formation.

.3. Estimate of the neopentyl alcohol heat of formation

Not only does the Pedley [19] compilation not include neopenty-
amine, the neopentyl alcohol heat of formation is listed only
or the liquid phase and with an error of ±16.7 kJ mol−1. On the
ther hand, the hydrocarbon analog, 2,2-dimethyl butane is listed
ith a gas phase heat of formation of −185.9 ± 0.9 kJ mol−1. We

an use these values to estimate a better value for the neopentyl
lcohol heat of formation by noting the trends in the heats of
ormation for a series of alkanes, amines, and alcohols shown in
able 4. If we simply subtract the difference in the heats of for-
ation between the primary alcohols and the amines for ethyl,
-propyl, n-butyl, and iso-butyl analogues, we obtain a difference of
85.2 ± 1.1 kJ mol−1. Similarly, the difference between the alcohols
nd the alkanes are 129.5 ± 0.8 kJ mol−1. That is, the differences are
ssentially constant. In principle, we should be able to extrapolate
his pattern to obtain a much more accurate value for the neopentyl

X = OH �(CH3–OH)c �(NH2–OH)d

−235.2 ± 0.3a 130.5 185.1
−255.1 ± 0.4a 129.4 184.3
−274.9 ± 0.5a 128.0 185.3
−283.8 ± 0.8a 130.2 186.0

129.5 (ave) 185.2 (ave)
−315.5 ± 4f 129.4 185.2

ohol and amine and alcohol heats of formation.
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Chem. 96 (1992) 9847.
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lcohol heat of formation. If we use the literature 298 K heat of
ormation of 2,2-dimethyl butane of −185.9 ± 0.9 kJ mol−1[19], and
ubtract 129.5, we obtain a neopentyl alcohol heat of formation
f −315.4 kJ mol−1. If we begin with the neopentyl amine heat of
ormation of −130.3 ± 3.3 kJ mol−1 determined in this study and
ubtract 185.2, we obtain −315.5 kJ mol−1, in excellent agreement
ith the extrapolation from the alkane. The Pedley method [19]

see Table 2) produces a similar value of −314.3 kJ mol−1.
Although the simplicity of group additivity is appealing, and in

his particular case the method is fairly convincing, the lack of a
hard’ experimental result naturally lends increased uncertainty to
he determination. We can use high level ab initio calculations to
elp support or refute the estimated value. The average heat of for-
ation determined in a similar manner to that of neopentyl amine

escribed above by two series of isodesmic reactions:

5H11OH + RCH3 → ROH + C5H11CH3

5H11OH + RNH2 → ROH + C5H11NH2

alculated at the G3B3 and CBS-APNO levels (calculated energies
re available as online supplemental information) agrees well with
he group additivity results, yielding a slightly more negative 298 K
eat of formation of −318.5 ± 4 kJ mol−1. Our suggested heat of for-
ation based on the group additivity scheme appears in Table 1.

. Summary

TPEPICO spectroscopy can provide a wealth of kinetic and ener-
etic information. Even in the case of the neopentylamine ion
issociation which occurs through multiple competing pathways,
he mechanisms of which are in part unclear, the absolute rates
f the dissociations are well enough determined by the experi-
ent that accurate dissociation onsets can be determined through

RKM modeling. Combined with previously determined values, the
nset of (CH3)3CCH2NH2 → CH2NH2

+ + (CH3)3C• yields the heat of
ormation of neopentylamine, and this value is used to estimate
he heat of formation of neopentyl alcohol. Both of these results are
trongly supported by excellent agreement with heats of formation
alculated by a series of isodesmic reactions.
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