JOURNAL OF CHEMICAL PHYSICS VOLUME 113, NUMBER 8 22 AUGUST 2000

Characterization of nitrogen-containing radical products from the
photodissociation of trimethylamine using photoionization detection

Nancy R. Forde® and Laurie J. Butler
The James Franck Institute and Department of Chemistry, University of Chicago, Chicago, lllinois 60637

Branko Ruscic
Chemistry Division, Argonne National Laboratory, Argonne, lllinois 60439

Osman Sorkhabi, Fei Qi, and Arthur Suits
Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

(Received 9 February 2000; accepted 23 May 2000

The outcome of neutral and photoionized(Q¥;), primary products of trimethylamine
photodissociation at 193 nm is determined by combining photoionization detection with supporting
G3 theoretical calculations. (8Hs), primary products with very little internal energy show an
experimentally observed ionization onset of 8.2 eV, but do not appear at the parent ion
(m/e=44). Instead, the parent ion is unstable and easily fragmeméde 42, where the signal is
observed. NCHjy), radicals with higher internal energies undergo H-atom loss from the neutral to
give CH,NCHs, which has an observed ionization onset at paremteE43) of <9.3 eV. At
slightly higher ionization energies, these secondary products also appaée-aé2 (where their
appearance energy is roughly 9.8-9.9 eV, uncorrected for internal gnétigylly, N(CH,),
radicals with the highest internal energy in this study appear to undesdmsklas neutrals, giving
rise to a species whose parent ion hde=42. The ionization onset of this specieswite=42 is
found to be in the range of 9.5-9.6 eV. #D00 American Institute of Physics.
[S0021-960600)01332-5

. INTRODUCTION N(CHa)s+ 193 nm— N(CHy),(X 2B;) + CHs

We recently reported the results of the photodissociation — CHN=CHyH+H+CH,

reactions of trimethylaming N(CHz)5] following 193 nm —NC,H,+H,+CH,4

excit:?ltion.l In analyzipg the resulting dissociation pathways, —N(CHg)y(A2A,) + CHs.

we discovered that little is known about the energetics and

ionization characteristics of methylated nitrogen-containing ) ) . )
radicals. These radicals were of interest to us both as prod@s€d on theoretical estimates of its enefshe formation
ucts of the photodissociation reactions of trimethylarhine ©f N(CHa)(A2A;) was discounted as a primary reaction
and dimethylformamide® at 193 nm, and also as possible product! To distinguish among the remaining possible chan-

participants in combustion reactions. The experiments oulj_:'els_’ information such as the energies of formation and lon-
lined in this paper seek to characterize the methylate(ﬂzat'on are needed for the products of the secondary disso-

. o . - . Ciation reactions. Table | summarizes these values available
nitrogen-containing products of the photodissociation of m'from the few earlier studies found in the literatGré! Stud-
methylamine at 193 nm, by analyzing both their energeticseg o the neutral species of formula MG are particularly
and ionization properties. scant, and various possibilities exist for its structure, includ-

Nitrogen-methyl bond fission was the only primary pho- ing the linear HCNCH and H,CNCH, forms.
todissociation pathway identified following 193 nm excita- This study provides a characterization of both the
tion of trimethylamine’ The primary NCHy), radical prod-  N(CH,), radical and its secondary neutral and ionic dissocia-
ucts were found to exhibit distinct ionization characteristicstion channels by using the photodissociation of trimethy-
depending on their internal enerdgiven by the 193 nm lamine at 193 nm as a primary radical source, and tunable
photon energy minus the N—GHbond energy and observed photoionization to detect the primary and secondary neutral
translational energy This suggested the existence of addi- Photofragments. Tunable photoionization, at least in prin-
tional channels, possibly proceeding through secondary dig&iPle, permits sensitive detection of reaction products just

sociation of the neutral species and/or competitive fission t§P0Ve their threshold for ionization, which, by reducing the

. . ~ . excess internal energy of the parent ions, eliminates or sig-
2 1
electronically excited RCHy), (A°A,) radicals. Several nificantly reduces dissociative ionization channels that com-

possibilities were considered: plicate other detection techniquk&esides obtaining infor-
mation on the ionization energies of the reaction products,

dElectronic mail: nforde@alice.berkeley.edu the amount of internal energy in the primary@H,), prod-
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TABLE I. Literature values for the experimental enthalpies of the formation 50 (r—TTTTTrT T T T T T T T T
and ionization energies of several species of interest in this paper.
Species AH?)298 lonization energyeV) a0 F ,’l A
(kcal/mo) ,l‘
N(CHy)s —5.67+0.18(Refs. 5, 6 7.76-8.56 (Ref. 5 g :’ ‘|
7.85+0.05 (eval) (Ref. 5 s 30 by .
CH,N(CHy), 31.1+2.4 (Ref. 7 - M N
N(CH,), <30.3(Ref. 8 5.17 (Ref. 5 2 N 4 \
33.7(Ref. 9 <9.42-0.1(Ref. 8 o520} [ \ 4
33.8+3 (Ref. 10° 9.01+0.02 eV (Ref. 20° 2 " \ ,’ t
34 (Refs. 11, 12 = PR NP \
35+ 2 (Ref. 13 10k / % \ J
39 (Ref. 19 o \
29.3+2 (Ref. 15 . »~ ‘.\
37.4 (Ref' 16 PR BRI R S S R ?" *~ 4
38.2(Ref. 17 0 » a2 23 aa
CH,NCH; 11+2 (Refs. 5, 18 adiabatic: /
9.3,9.4,9.80.1 (Ref. 5 mre
vertical: FIG. 1. Mass spectral sweep of photofragments at 10.5 eV over the range
10.0, 9.9 0.02 (Ref. 5 from m/e=42-44, showing that there are peaksrate=42 and m/e
CH,NCH, 633 (Ref. 19 =43, but that the signal decreases monotonically pa&t=43 to m/e

- - - — =44, There is no evidence for the pareniQW;); ion signal atm/e=44.
&The value in Ref. 7 is for the bond dissociation energy of

N(CHg)3—CH,N(CHy),+H. We have used the valu¢Bef. 5 of AHY for
N(CHa); and H to determine an estimatad? for CH,N(CH),.

The published value fo:kH? of N(CHjs), and bond enthalpies in Ref. 10 are + . .
in error by 0.9 kcal/molRef. 21, and so we have made the appropriate the parer_1t K_CHZ_?)?: ion signal was, however, strongly depen-
correction here. dent on ionization energy through the range of 9-12.7 eV.

°A photoelectron value, not necessarily implying that the parent ion isThe jonization potential of trimethylamine is 7.85 é\&nd
stable. for probe photon energies below 10 eV, the signal at parent
(m/e=59) was much stronger than the signalnafte=58.

ucts can also be determined, by analyzing the amount dit Nigher ionization energies, however, the parent peak di-
energy disposed to relative product translation of theTinished in intensity as dissociative ionization became com-
N(CHs),+CHs products. In this paper we present the experi-P€litive, such that at 12.7 eV, the pealaale=58 was much
mentally determined limits on the enthalpies of the formation™°"® mte_nse than the pare_nt peak. The molecular beam was
and ionization energies of the resulting nitrogen-containingaracterized via hole buming at the parent orie=59) at
radicals and closed-shell species. By combining these resulfdith€r 10 or 10.5 eV, with the mean peak beam velocity
with theoretical calculations, we have characterized second®tnd to be 1.3& 10°cm/s and a full width at half-

ary dissociation channels of the(GHs), radical photoprod- MaXimum(FWHM) of 35%.

uct, providing a deeper understanding of the complicated dy- In the experiments described here, we have measured the

namics at play in these nitrogen-containing systems. signal for several parent and daughter ions of the neutral
photoproducts at various angles of the molecular beam with

respect to the detector axis:mte=43 (10°, 11 eV; 30°, 11
eV), 42(30°, 10 eV; 30°, 10.5 eV; 30°, 11 ¢\and 15(30°,
These experiments studied the photodissociation prodt0.5 eV; 50°, 10.5 €Y No discernible signal was observed
ucts of trimethylamine at 193 nm by detecting the neutralat m/e=57 (10°, 10.5 eV, 30(10°, 10.5 eV, 29(10°, 10.5
photofragment recoil distributions with a crossed laser-eV), 17(30°, 10.5 eV or 16 (10°, 13.5 eV. The quadrupole
molecular beam apparatus, described in detail in Ref. 22vas adjusted to approximately 0.4 amu resolutiBWHM).
Tunable photons employed for the product detection via In addition, a very small signal was observednafte
photoionization were produced when the ALS electron beam=44 (10°, 10 eV; 10°, 10.5 eV; 30°, 10.5 ¢VIin order to
passed through a U10 undulatobandwidth at determine the source of this signal, photofragment TOF
FWHM=0.5 eV).2>?*Various filtering methods were used to spectra were collected at 0.2 amu intervals frove=42.0
eliminate higher harmonics of the selected energy. Unlest 44.0(30°, 10.5 eV). Because this signal is observed off the
otherwise noted, the experiments described in this paper usedolecular beantcenter-of-magsvelocity axis, it arises from
a probe photon energy of 10.5 eV with a Mgkindow in  photoproducts. One can determine the source of this signal
place to eliminate virtually all photon flux above 11 eV. by integrating the area under the photofragment TOF spec-
A 5% mixture of trimethylaming N(CHg)3] in helium  trum as a function of the mass/charge ratio of the ions pass-
(obtained from Matheson Gas Prodyotsas expanded from ing through the quadrupole mass filter. The resulting inte-
the pulsed valve sourcénozzle diameterl mm), with a grated peak intensitiegsee Fig. 1 show that, while
stagnation pressure of 500 Torr. A scan of the mass spectruphotoproducts appear at/e=42 and 43(with clear separa-
in the range from monomer to dimer mass/charge ratio underon of the masses by the quadrupeleo m/e=44 can be
typical experimental conditions revealed no contributionsdiscerned above the very small high-mass wing nofe
from species of higher mass than monomer. The intensity 0£43. In addition, the photoionization curves constructed

Il. EXPERIMENTAL DETAILS
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from data collected nominally ai/e=44 appeared identical
to those obtained for then/e=43 signal. This places an
upper limit on the possible intensity of the signal rate
=44 as<10 ° of the intensity aim/e=43.

Forde et al.

TABLE Il. Calculated ionization energies and fragment appearance energies
of interest to the present study. All values are at the G3 level of theogy. IE
and IE, refer to the adiabatic and vertical ionization energies, respectively,
while AEJAB*/ABC] is the 0 K appearance energy of tA&™ ionic
fragment formed by the photoionization proceA8C+hv—AB"+C

We determined the photoionization yields for the photo-+e™.
product signal atn/e=42 and 43 by recording TOF spectra

at each mass. The spectra were collected at 0.2 eV incre- . Calculated
. Quantity value (eV)
ments of the nominal photon energy from 8.7-10.7 eV.
(m/e=42) and from 8.5-10.7 eVnf/e=43), for 50000 IE.[N(CHy)s] L 7.87
laser shots, each with a 30° angle between the molecular 'EalH:C-N-ChHt] to“A cation 9.05
b d detector axes. The Mgkindow was in place for IE,[H,C-N-CH] to singlet surface 208
eam an ; P IE [ HsC~N—CHj] to 3B, cation 8.97
all of these scans, and the laser power was held constant at g [H.c—N-CH,] to triplet surface 9.82
55 mJ/pulse. The integrated peak area for each species waslIg,[H,C-N-CH] to *A’ ring cation 6.19
corrected for drift in the probe photon flux and was plotted as  1E.[H:C—N-CHj] o ‘A’ (C)CHNHCHy cation 5.72
. . . . + ’
a function of photoionization energy. ABJCHNHCHz,"A'(Co)/N(CHy)] 9.08
A power study of the observed TOF signal was the most ABJCHNHCH;, “A Z(CS)/ NH(CHy,l -~ .73
. ) .. . IE,[HsC—N—CH,] to 2A’ H;C—N-CH; cation 9.14
direct way to ensure that the electronic transition of trimethy- = [H,C—N—CH] 996
Igmine was not sa_turatedThe ArF excimer transition pro- IE:[HZC—NH—CI-E ring] to 2A’ H,C—NH—CH; ring 9.33
vided the 193 nm light.We conducted a power study of the  cation
signal atm/e=42 with laser powers ranging from 10 to 60  IE,[H;C-N-CH, rir;g] , 10.00
mJ/pulse, resulting in attenuated powers of roughly 80% in AEdCHs=N-CH;, *A"(C)/HC-N-CH, *B4(C5,)] 10.52
) . - . AE[H,C-NH-CH;, ?A’(C, ring)/H;C—NOH;, 2B,(C,,)]  11.25
the interaction region, a cross-sectional area @f3Imnr?. It IE.[H,C—N—CHy] o ‘A, cation 6.83
revealed no c_:hange to the_ fast gdgg of the TOF spectrum, and IEj[HiC—N—Cl-b] to sinlg|et surface 8.63
so the experiments described in this chapter were run with a |g,[H,C-N-CH,] to 3A, cation 9.45
laser power of between 50—60 mJ/pulse, at 100 Hz repetition IE,[H,C-N-CH] to triplet surface 10.29
rates. IE,[H,C—N—CH, 2B, ring] to A, ring 12.20
IE,[H,C—N—CH, 2B, ring] to singlet surface 10.42
IE,[ H,C—N—CH, ?B, ring] to ®B; ring 9.85
Ill. THEORETICAL METHODOLOGY IE,[H,C—N—CH, 2B, ring] to triplet surface 10.57
. . . IE,[ HsC—N—CH?A’(C4,1)] to *A, cation 6.23
Supporting calculations were _performed using the IE, [H,C—N—CH2A' (Co1)] to singlet surface 770
GAUSSIAN 98 package of progrants,with the intent of pro- IE,[H-C—N—CH2A’(C,,1)] to ®A’ cation 10.90
viding insight into the possible dissociation and ionization IE,[H,C—N—CH?A’(C,,1)] to triplet surface 11.98
channels of relevance to these experiments. As shown IEa[HaC—N—CHzA’(Cs,Z)] to *A; cation 6.03
previously!?®~3*the potential energy surfaces of the species E[HC-N-CH'A'(C,,2)] to singlet surface 7.69
NC,H,, and particularly the ions N, are quite complex IE[H;C-N-CH'A'(C,,2)] to *A" cation 10.70
n ‘m . m . ' IE,[H;C—N—CH?A’ (C,,2)] to triplet surface 11.07
exh|b|t|ng a large num'ber of minima and sgddle POINts, COr-  AE [CH,~N—CH;, *A;(D 54)/HsC—N—CH, "A’(CJ)] 1061
responding to a considerable number of isomers and con- AE/[CH;—N-CH", *A;(Cs,)/Hs;C—N-CH, 1A’ (CJ)] 10.40
formers. From these possible species, a relevant subset wasAE([CH;—C—NH', *A;(Cj,)/HyC—N-CH,, *A’(CJ)] 9.90

chosen, and calculations of bond dissociation energies, ion-
ization energies, and fragment appearance enelgmse-
sponding to dissociative ionizatipnvere performed, to en-

able th(_a determination of .the ionic and neutral speciegjation event following 193 nm excitationThe photofrag-

formed in the present experiments. ment TOF spectra an/e=43, 42, and 15shown in Figs.
Calculations leading to thermochemical quantities pre-_g4) were fit by two recoil translational energy distributions,

sented in Table Il(and in Tables IlI-V of Ref. 3pwere P(E+)’s (shown in Fig. 5, corresponding to primary N—GH

performed at the G3 level of theof§which is the latest in  pond fission. That thes(E+)’s are identical to those used

the series of Gaussiamtheories. Using the G2/97 test set, previously to fit the 200 eV electron impact dhatbustrates

the reported overall average absolute deviation between enat the translational energy release is independent of ioniza-

periment and the G3 results is 1.02 kcal/mol, correspondingon technique, as it should be. The assignment of these dis-
to a standard deviatiom=1.47 kcal/mol. Hence, for the spe- {inct channels to the processes

cies considered in the present work, the G3 calculated results

are expected to fall withint3 kcal/mol of the true value. N(CH,);+193 nm—>CH3+N(CH3)2(')'< B,), (1)
More details of the calculations performed here are found in

the electronic supplementary materf&PAPS. — CH3+N(CHg),*

IV. RESULTS AND ANALYSIS —CHg+HC=NCH;+H,  (2)

The photofragment TOF spectra from these experiments shown in the following sections. Additionally, here we
are consistent with the results of earlier experiments, showsuggest that the slow, unfit signal mfe=42 (Fig. 3 is a
ing N—CH; bond fission to be the dominant primary disso- NC,H, product arising from secondary dissociation:
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_ ) ) FIG. 4. A TOF spectrum of the products of trimethylamine photodissocia-
F_IG_. 2. The TOF spectrum of the products of trimethylamine phgtodlssonﬁon at 193 nm, recorded at/e=15, at a 50° source angle, and with 10.5
ciation at 193 nm, recorded at/e=43, at a 30° source angle, and with 10.5 ey jonization energy. Experimental points are shown as open circles and the
eV ionization energy. Experimental points are shown as open circles and th to the data is given as a solid line, with contributions from dissociation
fit to the data is given as a solid line. The experimental data are fit beautichannels shown as broken lines. The fit uses the translational energy distri-
fully by the same translational energy distributipR(E;)] that was used butions[P(Ey)’s] determined previously from electron impact déRef. 1,
previously(Ref. 1) to fit the signal observed am/e=43 following 200 eV see also Fig. b
electron-impact ionization of the photofragments of trimethylamisee
also Fig. 5.
nitrogen-containing products of reactiofly and(3) appear
at m/e=42, while the nitrogen-containing product of reac-
3) tion (2) appears at bottn/e=43 andm/e=42. Additionally,
) ) ) ) ) each component of the TOF spectrummde= 42 was found
Photoion yield curves obtained by integrating photofrag-y, haye a distinct photoionization curve. Thus, each of the
ment TOF spectra at/e=43 and 42(the only mass/charge hree distributions arises from a different neutral precursor.
ratios at which nitrogen-containing reaction products were . .
observed in the present experiménigre used to character- A. Species appearing at m/e=43: CH,NCH,
ize the products and are analyzed in the following sections.  ajthough the photon resolution in these experiments is
The results show that reactio(—(3) produce species with  re|atively low, the shape of the photoionization curve shown
distinct photoionization characteristics. Because the reactiop, Fig. 6 can be interpreted as representing the parent ioniza-
products also can be identified by kinetic energy release, Weon of a species with a relatively broad Franck—Condon en-
have determined that following 10.5 eV photoionization, the

N(CHg)3+193 nm—CH;+N(CHg), —CHs+NC,H,+H,.

0.05T
1.21
3 NC,H,* o0l
1F mle=42, 30° 04 N(CH;),* + CH;
[ 11 eV
—_ [ N(CH,), (X*B,) /% ] ~
~ o.gf NCH;), X°B,]
g o8f g _o.0sf N(CH,), (X) + CH,
5 o6k CH,NCH, + H + CH, o
s [ o [
s i 0.02
~ 0.4fF i
z [ [
0.2: 0.01}
O enetREmaE \-—--——-
o M 1 L L 1
PR T T W TR S N YN THND S TR N TN WY SN W [ T TR SN T (N TN T TT
0 10 20 30 40 50 60 70

0 50 100 150 200 250 300 E, (kcal/mol)
Time of flight, t (ps)

FIG. 5. Recaoil translational energy distributiofB(Et)’s] used to fit the
FIG. 3. TOF spectrum of the products of trimethylamine photodissociationT OF spectra both in this paper and in previous waRlef. 1) that used 200
at 193 nm, recorded at/e=42, at a 30° source angle, and with 11 eV €V electron-impact ionizatiofRef. 1. The fasterP(Ey), extending from
ionization energy. Experimental points are shown as open circles and the f#6—66 kcal/mol, was assigned previougiRef. 1) to N(CH,), (X ?B,)
to the data is given as a solid line, with contributions from dissociation 4+ CHs. The slowerP(E;) shown here, extending from 0—46 kcal/mol, cor-
channels shown as broken lines. The fit uses the translational energy distiiesponds to the primary formation of unstabléOM); +CH,, where the
butions[P(E+)’s] determined previously from electron impact déRef. 1; N(CH,), radical undergoes secondary H-atom loss prior to its arrival at the
see also Fig. b which leave the slow edge inadequately fit. detector.
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This reinforces the assignment of the neutral species to

120 .9 CH,=NCHj, 'A’(C,), formed by secondary dissociation of
[ y N(CHj), radicals:
100 / =
- . N(CHg)3+193 nm—N(CHy),(X 2B;) + CHs,
g g0 L Do=77.6 kcal/mol,
s | é —.CH,=NCHs+H, D,=31.9kcal/mol.
E 60 ! The calculated minimum energy required for the secondary
g / production of CH=NCHjs is thus 109.5 kcal/malsee Table
240k ,.’ V of Ref. 35, which corresponds to a maximum of 39 kcal/
- r ¢ mol remaining for relative product translation. The less pre-
. /! cisely determined experimental enthalpy changes are smaller
20r ’" for each reaction above, giving a maximum of 44 kcal/mol
.o available for product translation. The translational energy
ol @ e distribution for this reaction, the slower one in Fig. 5, ex-
8 8.5 9 9.5 10 10.5 11 tends to 46 kcal/mol. The upper limit of thi(Ey) is diffi-
Probe photon energy (eV) cult to determine, however, because it assumes secondary

H-atom loss from NCH,), to have no impact on the velocity
FIG. 6. Photoion yield curve for the species appearingn&é=43. The  of the CHNCH; products. Within this assumption, the cal-

TOF signal atm/e=43 was integrated from 96-3Q@s, and the intensity ;1314 and observed maximum translational energies are in
shown in this plot has been corrected for variations in the probe photon flux.

We have attributed this signal to the ionization of neutral,EH; sec-  duit€ reasonable agreement.
ondary products.

B. Shape and energetics of the TOF spectraat m/e
=42
velope, where the observed photoion spectral shape roughly )
corresponds to an integral over this envelope. The tail region 1h€ photofragment TOF spectrummate=42 obtained
hides unresolved initial(low) Franck—Condon factors, PY 11 €V photoionizatiorisee Fig. 3is very similar to that

which, as the photon energy increases, build up and attaifPt@ined using 200 eV electron impact ionizattomhere the
maximum probability in the region of steepest slope, finallyPulk of the signal is fit well with the twd(Ey)'s shown in
leveling off when the Franck—Condon envelope is ex-Fig. 5. Because the translgtlpnal energies of the fastest prod—
hausted. If the final point in Fig. 6 represents a leveling off Ucts extend clo'se' to the limit of available energy following
then the vertical ionization energy of the species appearing & —CHe bond fission[compareE,,;= 70+ 3 kcal/mol from
m/e=43 is close to~10.0 eV. Ideally, the signal onset at the G3 calculations with the maximum translational energy in
low-energy end should correspond to the adiabatic ionizatiof® fasterP(Ex) in Fig. 5], the higher kinetic energy distri-
energy. However, the tail region is rendered complex by sevbution is attributed to KCHs), (X °B;) radicals formed with
eral factors, which tend to work in opposite directions: verylittle internal energy, which arrive intact at the detectdihe
low Franck—Condon factors tend to push the experimentallylower P(Er) was assigned in the previous section to un-
measurable onset to energies higher than the true adiabagéable NCHs),* primary products that undergo secondary
ionization energy, while low photon resolution and hot bandd1-atom loss to CHNCHs;, appearing when ionized at both
(arising from neutrals that are internally excited in them/e=43 andm/e=42.
Franck—Condon active symmetric vibrational mptend to The shape of then/e=42 TOF spectrum changes mark-
push the apparent onset toward lower energy. Selecting @dly at lower photoionization energgee Fig. 7 obtained at
point just before the more pronounced section of the asceni0 €V), where not only are the different ionization efficien-
such as~9.3 eV, should produce a relatively “safe” upper cies of the contributing species obvious, but the rising edge
limit to the adiabatic ionization energy. The true adiabaticof the spectrum is also overfit by the faste(Er). The
onset is expected to be in the “tail” region, at a lower en- change in the rising edge is puzzling, as this indicates ion-
ergy and difficult to pinpoint more accurately. ization of only a slow subset of the(NHj), reaction prod-
Assuming the interpretation of the datarate=43 as  ucts. It is possible that the ionization is dependent on the
parent ionization to be correct, then the neutral species ifternal energy of the radicals, and that at 10 eV, the fastest
question has a composition Nds with a vertical ionization  N(CHg),» (X 2B,) products(i.e., those with the least internal
energy of~10.0 eV and an adiabatic ionization energy of energy are not being ionized. The ionization efficiency of
<9.3 eV. The simplest secondary dissociation process tpolyatomic radicals is not usually so strongly dependent on
produce NGHs from the primary NCHs;), product is internal energy, however, and if this explanation is true, it
straightforward C-H bond cleavage, leading to awould represent a rather unusual case.
CH;—N=CH, structure. In agreement with this, we see in Also apparent in Fig. 3 is additional slow TOF signal not
Table 1l that the adiabatic ionization energy fit by either of theP(E+)’s shown in Fig. 5. A similarly
IE,(CH,=N-CH;)=9.14 eV and the vertical ionization en- underfit slow signal atn/e=42 was observed in the experi-
ergy |E,(CH,=N—CH;)=9.96 eV at the G3 level of theory. ments utilizing 200 eV El ionizatioh(The scatter in the data
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FIG. 8. An additional velocity distributior?(v), shown in the inset, can be
FIG. 7. TOF spectrum of the products of trimethylamine photodissociationysed to fit the slowest, previously unfit portion of the signahde=42.
at 193 nm, recorded ah/e=42, at a 30° source angle, and with 10 eV (The TOF data is the same as shown in Fig. 3.
ionization energy. Experimental points are shown as open circles connected
by thin lines, the fit to the data is given as a solid line, and contributions
from dissociation channels are shown as broken lines. The fit uses the trans-
lational energy distributionfP(Ey)'s] determined previously from electron  thea P(v) shown in Fig. 8 is 24 kcal/mol, Corresponding to an

impact data(Ref. 1; also see Fig.)5At this ionization energy, the TOF . .
spectrum is bimodal, and the fit to the data appears to be too broad, espg]temaI energy of K\CH3)2 radicals of (79_ 24

cially for the fast peak. Reasons for this effect are discussed in the text. — )46 kcal/mol, assuming the formation of internally cold
CHjs radicals. This value provides a very rough estimate of
the energy required to undergo secondary lblss from

points at lower ionization energies in Fig. 7 may obscure thé\'(CH3)2-_ ) ) _

need for an additional slow distribution to fit this signal as ~ Possible radical structures with chemical formulaNg
well.) N(CHs), and CHNCH; products contribute to the and the related enthalpies of reactitat the G3 level of
faster portion of then/e=42 TOF signal; as there are no theory are as follows:

other obvious neutral products of mass 44 or 43, we conside¥(CHg),— CH,NCH,+H,, AH=15.7 kcal/mol,
secondary dissociation of (8H3),—NC,H,+H, as a possi- CHNCH;+H,, AH=24.8 kcal/mol,
bility.

1N\ —
In order to convert the observed unfit portion of the TOF H,C——CH, (ring)+H,, AH=33.4kcal/mol.

distribution into a translational energy release distribution,
there must be a TOF observation for the momentum-matched
partner. Even if we assume,Hbss to leave the velocity of 120
the NGH, radicals unchanged from their(QHs), parents [
(as would be the case in a barrierless proges®ere is no 100 [ ',0
slow signal in the CH TOF spectrum unfit by reaction&) ] ;
and (2) (see Fig. 4. This is not overly surprising, as it is [ K
likely that H, loss provides a velocity “kick” to the recoil- sor $
ing NGH, radicals, such that their times of arrival at the
detector are broadened to fast and particularly to slow times
compared to the methyl radicals that are momentum matched
to the unstable KCH,),' precursor. The best we can do then
is to fit the slow portion of then/e=42 TOF distribution to [
a velocity distribution,P(v), of the neutral precursor to the [ v
signal atm/e=42, shown in Fig. 8. 20 »

If this distribution indeed corresponds to primary disso- [ _..-‘--o"
ciation to unstable KCH;),"+CHs;, we can obtain @ (Eq) Ul e siviriniasiahiiriiiriar i
by converting from velocity to recoil translational energy. 8.5 9 9.5 10 10.5 11

The P(E+) thus derived extends from 0—24 kcal/mol and is Probe photon energy (eV)

likely broadgr than the “true prlmaryP(ET)’, due to th? FIG. 9. The total photoionization efficiency curve for all species appearing
probable exit barrier to Hloss and concomitant velocity ¢ mje=42. The TOF signal an/e=42 was integrated from 90—3Qas,

kick imparted to the NgH, radicals. The upper limit can be and intensities have been corrected for variations in the probe photon flux.
used to find the minimum internal energy of the unstableThree possible contributions can be seen in this plot, perhaps corresponding

T ; ; ; to the three distributions used to fit tine'e=42 TOF spectrum in Fig. 8.
N(CH3)2 radicals. The available energy followmg 193 nm The ion signal starts to appear around 9.0-9.1 eV, and levels off after a

excitation and N-CH bond_ﬁS_Sion is given b)_/ (14878 modest increase. A second contribution starts-at5 eV, and the third
=)70kcal/mol. The upper limit of th&(E+) derived from  contribution commences at10.0-10.1 eV.

60 [ '

Integrated signal
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All of these possible structures are energetically accessible,
and we now turn to the ion appearance energiesndd
=42 for additional information that may help in identifying 5F K

this species.

C. lonization characteristics of the species appearing
at m/e=42: N(CHs),, CH,NCH3, and NC,H,

The total photoion yield curve corresponding no'e
=42, shown in Fig. 9, hints at three contributions that may
correspond to the three distributions used to fit thée ,
=42 TOF spectra. The ion signal starts to appear around 1L i
9.0-9.1 eV, and, after a modest increase, quickly levels off. [ ,

A second, slightly more pronounced contribution starts at 0 1 _.__‘,: ________________
~9.5 eV, causing the ion yield to ascend nearly linearly until AN
~10.1 eV. At that point there appears to be a break in the I

slope, and a new, quasilinear increase in the ion yield ensues, [ b ’
continuing to the highest energy point recorded here. We [

have attempted to determine independently the partial pho- 15
toion yield of each contribution, by integrating separately the
signal over times of flight where each of tiE)’s and
P(v) is dominant. Unfortunately, as seen in Fig. 8, the ar-
rival times of the three components overlap to a great extent,
making a clean separation of the three components difficult
to achieve and resulting in “cross-contamination.” In addi-
tion, the three partial photoionization yield curves have sig- °--
nificantly larger scatter than the total photoion yield curve, ] o ‘
making the interpretation even more difficult. - .

Figure 1@a) shows the partial photoionization yield 0 -t,:".-_f:l..’.-_.-g-.:l'._.—._.'l_.'.".‘._I_._._._.'

curve for the fastest signal at/e=42, obtained by integrat- 8.5 9 9.5 10 10.5 11
ing the time-of-flight signal between 90 and 108. At the Probe photon energy (eV)

earliest of these flight times, only the fast channel contrib- _ S N _

utes, and over the rest of this integration range, the relativggésltoiwzhi F;irit(';' 2“0206'122'2?;‘;[3“;"3'&;‘Cga‘;‘:é‘;f gogﬁzzﬂdr:gg;géhe
intensity (?f the middle diStribl_Jtion is Igss than 10% of that Ofsignal atm/e:p42 was i?lpt)egratgd from 96—10!05, and thgintenéity shown
the fast distribution. The partial photoion yield has an apparin this plot has been corrected for variations in the probe photon flux. The
ent onset at-9.1 eV, after which it curves up t6-10.2 eV, spectrum can be attributed to neutr&l¥,), radicals, undergoing efficient

where it shows a tendency to level off. This is followed by gdissociative ionization to Ngi; fragment ions(see the text (b) Middle
pecies: The TOF signal at/e=42 was integrated from 112—-12is, and

furthe'r increase g|v§q by a few scattered points at ,hlghe?he intensity shown in this plot has been corrected for variations in the probe
energies, although it is not entirely clear whether this bepnoton flux. The spectrum can be attributed to dissociative ionization of
longs to the “fast” component or represents a “contamina-CH,NCH; (see the text

tion” from the middle component. A comparison with the

total yield in Fig. 9 suggests that the fastest component is

predominantly responsible for the portion of the total yield at=42, obtained by integrating the photofragment TOF spectra
lowest energies. between 112 and 12isec. While it is very difficult to avoid

The overall shape of the spectrum in Fig(d0strongly  contributions from both the “fast” and the “slow” compo-

suggests parent ionization, with an adiabatic ionization onsatents, the integration limits chosen here are an attempt to
of ~9.1 eV (or lowen and a vertical ionization energy very minimize these unwanted contributions by keeping their sum
roughly 0.6-0.7 eV higher. These values show excellento less than 10% of the desired “middle” component. The
agreement with the predicted adiabatic and vertical ionizapartial spectrum of the “middle” component seems to cor-
tion energies of CENCH; (see Table . The calculated respond to the rise seen at the high-energy end of the total
adiabatic ionization energy of GNCHs to the triplet cation  photoionization efficiency spectrum presented in Fig. 9.

of similar structure(dimethyl nitrenium is predicted to be A fragment resulting from photodissociative ionization
9.0 eV, and to the singlet cation to be 9.1 eV, both coincid-of a heavier parent is the most likely source of the signal in
ing with the discernible onset in Fig. (#. Furthermore, the Fig. 1), judging by the general shape of the spectfiris.
predicted vertical ionization energies of dimethyl amidogenThe quasilinear rise at higher energy suggests that the ap-
to the singlet and triplet ionic surfaces are 9.7 and 9.8 eVpearance energy for the fragment in question is in the neigh-
respectively, quite close to the middle of the first rise in Fig.borhood of 9.8—-9.9 eV(Technically, this value should be
10(a). corrected for the average internal energy of the neutral par-
Figure 1@b) displays the partial photoionization effi- ent, which may be available to the photodissociative ioniza-
ciency curve associated with the “middle” speciesnate  tion process. In the present case such a correction is rather

Integrated signal

10

Integrated signal
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difficult to do reliably, and may not be particularly impor- vation that at all explored energies in these experiments, we
tant, given the approximate nature of the extracted appeawere unable to observe/e=44 beyond the limit <103
ance energy and the expectation that the excess energy of tbé the intensity atm/e=43. Hence, the parent ion of
parent will not be particularly well randomized between theCH;NCH; gives, at best, an extremely weak signal. Al-
available internal modesThe assignment of this middle though the ionic species that is detected corresponds to a
species to CBNCH; is in agreement with calculations, fragment, the onset and the shape of the photoionization ef-
which predict it to dissociatively ionize to the most stableficiency curve are still defined by the Franck—Condon factors
isomer  of NGHj, N-protonated acetonitrile  corresponding to the initial transition from the GMCH;
(H3C—C=N"*—H) at 9.9 eV(see Table IV of Ref. 35 neutral to the CENCH; surfacés). This is because a direct
Finally, we focus our attention on the remaining “slow” transition from the CENCHj; neutral to the NgH, +H, as-
species. Partial photoionization yield cur%suggest an ymptote involves vanishingly small Franck—Condon factors,
ionization onset 0f9.5 eV and a vertical ionization energy so does not contribute to the observable photoionization ef-
of =10.0 eV. The shape of the spectra suggests that thiciency.
signal could arise from parent ionization, with two neutral While G3 calculations do find a minimum corresponding
species as obvious possibilities: #CH and CHNCH,  to CH;NCH; on both the singlet and triplet surfaces,
[both arising from secondary dissociation ofQ¥3),]. The  they also show that the fragmentation of {DHCH;
two species differ in the source of the secondagpyetimina- g NCH; +H, has several exothermic paths, depending
tion, with the underlying assumption for facile production of on the assumed structure of the MG ion. For ex-
either species that the transition state for elimination does ng§mple, the most stable ion of the B composition exam-
cause a skeletal rearrangement. Comparing the experimeniged here, corresponding to N-protonated acetonitrile,
with the calculated values in Table II, it seems most likely cH,—c=N-H,'A,(C5,), corresponds to a fragmentation
that the slow species is GNCH, with ionization to the  asymptote that is 51.7 kcal/mol downhill from the
triplet surface(lE,=9.4 eV and IE,;=10.3eV. Itishard o cH,NCH; singlet ion®® The rearrangement required to ac-
explain why ionization of ChNCH, to the singlet surface of - ¢ess this asymptote is generally facile on ionic surfaoes-
the ion is missing, unles&as witnessed by the large differ- 41y much moreso than on neutral surface’s more exhaus-
ence of 1._8 eV betvx_/een the adiabatic and vertical ionizatioRye theoretical examination of the NB; potential energy
energy this results in a very extended Franck—ando.n eNgyrfaces(at the MP2/6-31@1)//4-31G level® also found
velope that corresponds to a weak feature not easily discerfjs jon to be the most stable structure on the singlet surface.
ible above the background scatter. _ . The same study indicated that the lowest,NE ion on the
A radical structure in which CENCH, forms a ring is  gjpjet surface is~69 kcal/mol higher in energy, and hence
also a possibility. The apparent onset of ionization is lowelyyag ot provide an exothermic path for photodissociative
tharl adiabatic ionization either to tfiB, ion (9.9 eV orto  onization of dimethylamidogen on the triplet surface.
the “A, ion (10.2 eV), but this may be a result of the low- Although we have not tried to estimate the depth of the
energy tail of the “middle” species, which is also present in CH,NCHZ minimum in the G3 calculations, nor have we
the spectra. The vertical ionization energies to these surfacqﬁed to identify the transition state that would lead to a
(10.7 and 10.4 eV, respectivelghow good agreement with o 1+ 1 asymptote, prior theoretical studies indicate that
the midpoint of the rise in photoion S|gr1%?IHenge, the as- 0" dimethylnitrenium ion is not particularly stable. For ex-
signment of the “slow” species as the GNCH, ring struc- ample, Ford and Herm&hfound that at the MP@ull)/6-
ture cannot be excluded. 31G(d) level the CHNCH; ion does not correspond to a
local minimum on the singlet surface, but to a transition state
for H migration to the immonium ion (CHNHCH;), while
on the triplet surface the nitrenium (C3‘NCH§) and immo-
Under soft photoionization conditions at the Advancednium ions were found to lie within 0.2 kcal/mol. For a com-
Light Source, we have been able to identify several productparison, at the G3 level of theory the immonium ion is also
of trimethylamine photodissociation at 193 nm. We havemore stable than the nitrenium ion by 76.9 kcal/mol on the
characterized the (CHg), primary product and CHNCH;  singlet surface, while on the triplet surface the immonium
secondary product, and have set some energetic limits dion is less stable by 1.2 kcal/mdi.
another secondary product, perhaps corresponding to Two studies in the literature have found a value of the
NC,H,. ionization energy of CE-N—CH;, which lies in close agree-
The radical NCH,), has an experimentally determined ment with that reported hef&° Those studies, however, re-
ionization onset of 9.4 0.2 eV, which is interpreted as being lied on the pyrolysis of (Ck),NNO®?°and (CH,),NNH,® to
close to its adiabatic ionization energy. The calculated adiaprovide the NCH;), radicals, a not particularly clean
batic ionization energy at the G3 level is ©.0.1 eV, similar  technique. It tends to produce a complex mixture of second-
to previous results at the G1 and G2 level (3@.1eV) by ary species arising from equilibration to other isomers on the
Wright and Miller®® The experimental evidence presentedhot walls and recombination in the reaction vessel. Although
here suggests that the(@H,), ion formed by the photoion- Fisher and Henderson reported a signal at the parent ion
ization of neutral NCH,), is unstable and very efficiently (m/e=44), they also reported signals mfe=45 and 43,
fragments on the timescale of the experiment to produce aimterpreted as arising from ionization of dimethylamine,
ion of m/e=42. This suggestion is reinforced by the obser-NH(CH;), and methylenemethylamine, GN=CH,.®

V. DISCUSSION AND SUMMARY
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Hence, it is not cleaa priori whether their signal aim/e from CH,NCH; appears not only at its parent ion/e=43

=44 corresponds to direct ionization of GFN—CH;, as  put also as a fragment at/e=42. The calculated appear-
they suggested, or to some other isomer resulting fronance energy for Ci+C—NH" fragment ions of CENCH;
equilibration on the wall. In fact, it is not even clear whetheris 9.9 eV, while the experimentally observed ongsicor-
their signal atm/e= 44 arises from parent ionization or cor- rected for the effect of the internal energy excitajios
responds to dissociative ionization from a heavier species. ~9.8-9.9 eV. The close agreement between these values,

Castleman and co-workéPs reported a lower (9.2 together with the agreement of our ionization onset with pre-

*=0.2eV) and upper (9:80.2eV) limit to the appearance vious observations and calculations, support our assignment

energy of the fragmentation process: of the “middle” distribution to CH,NCH; closed-shell spe-
NH(CHy), >NCHZ + H. cies, formed by secondary dissociation ofOWs), primary
photoproducts.
While the resulting ion has/e=44, they suggested thatits ~ Additionally, we have attempted to characterize the
structure is CHNHCH; rather than CENCH; . Indeed, us-  slowest species appearingrate=42. It would appear that
ing AH?, o NH(CHy),]=—4.7+0.5 kcal/mo? (0.5 this slowest channel arises from an internally hot primary

+0.5kcal/mol at 0 K with the 9.2-9.9 eV range for the N(CHs), photofragment undergoing secondary ldss. We
appearance energy, one obtamH?O(NCZHg) in the range were not able to StUdy thezH’nolecuIe TOF distributions,
of 165+5 to 1755 kcal/mol, very close to our calculated and so this assignment is based solely on the inferred photo-
enthalpy of formation for the singlet ground state of ionization properties of the slowest signal mte=42. A
CH,NHCH; (see Table V). Other experimentgnotably ~comparison of the photoion yield spectwhich suggest an
those of Levsen and McLaﬂer‘&/ and Thonet a|_42) that ionization onset of 9.5-9.6 é\Wlth calculated adiabatic and
sought an ion of structure (8H,);, observed no signal at vertical ionization energies does not allow us to definitively
m/e= 44 following 70 eV ionization. Thoet al. studied the ~ @ssign this species. Studies utilizing higher resolution photo-
thermal decomposition of trimethylamine, and found the in-ionization will be of great assistance in better characterizing
tensity of their suspected (8H,), primary product atm/e this species. Additionally, the paucity of information in the
=44 to be very low(below the error limit, however, the literature on nitrogen-containing radicals of formula g
signal they observed at/e=42 was strong(They made no leaves the results of the present study awaiting further ex-
mention of the signal an/e=43) Levsen and McLafferty, periments and calculations in order to definitively assign this
who used collisional activation, characterized the decomposPecies. The results of this work provide a starting point for
sition of ions of formula NGHZ, produced from various future studies on the NEi, radical, while also providing
sources, including trimethylamine. They found no peak afeWw information on the dissociation dynamics of the primary
m/e=44, and concluded that ions of initial structure N(CH3)2_ radical products of the photodissociation of trim-
CH3NCH; rearrange to CENH=CH; faster than the 10° s ethylamine at 193 nm. The dissociation dynamics of
drift time in their experiments. Then, depending on thenitrogen-containing systems have proven to be rich and com-
amount of internal excitation of the latter ion, H-atom oy H Plex, containing surprisingly unstable(GH;), radicals, and
loss occurs, giving rise to the observed signalsnae=43  Provide a fertile ground for further studies.
and m/e=42. In addition, they noticed that high internal
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