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a b s t r a c t

Threshold ionization spectra of nozzle-jet cooled tetrakis(dimethylamino)ethylene (TDAE) were mea-
sured with high-resolution electron and laser ionization techniques, and Raman spectra of the molecule
at room temperature and under liquid nitrogen were recorded with laser excitation. The TDAE ion signal
shows a gradual increase at the onset of ionization, and the upper bounds of the adiabatic ionization
potential (IP) measured from the electron ionization and laser ionization are 5.3 ± 0.2 and 5.20 ± 0.05 eV,
respectively. In combination with the experimental measurements, density functional theory calculations
were used to predict the adiabatic and vertical IPs and vibrational frequencies. The predicted adiabatic
IP (5.2 eV) and C C stretching frequency (1622 cm−1) are in excellent agreement with the measured val-
lectron and photon ionization
aman frequencies
rochoidal electron monochromator (TEM)
ozzle-jet expansion

ues. The adiabatic IP is about 0.6 eV lower than the vertical IP (5.8 eV). The large difference between the
adiabatic and vertical IPs arise from the significant geometry change upon ionization and is consistent
with the experimental observation of the slowly rising ion signal at the ionization onset of the molecule
in both the electron ionization and photoionization experiments. Raman spectroscopy of TDAE at room
temperature and at liquid nitrogen (Raman under nitrogen, RUN) is reported in an attempt at examining
higher energy conformers.
. Introduction

The ionization potential (IP) of most organic compounds lies in
he range from 7 to 12 eV. However, a previous photoionization
tudy indicated that tetrakis(dimethylamino)ethylene (C10H24N4,
DAE) has a very low IP (≤5.36 eV) [1], which is comparable to that
f the lithium atom (5.39 eV). Such a low IP molecule has attracted
reat interest over the past decade. Since TDAE readily gives up
n electron, it has found many applications in various applied and
esearch areas, such as plasma technology, semi-conductor indus-
ry, and electrospray mass spectrometry.

In plasma research, a central interest is on the study of
igh-density, low-temperature plasmas (about 1011–13 cm−3) at
tmospheric pressure. The main difficulty of producing these plas-
as is a requirement of high power budget to initiate and sustain
n air-plasma discharge. The high power budget can be reduced to
ome extent by the choice of a seed gas. Woodworth et al. [2] stud-
ed the generation of a high-density plasma by using ultraviolet
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(UV) lasers to ionize low IP organic molecules. Scharer’s group [3,4]
successfully produced plasmas with densities of about 1013 cm−3

in TDAE vapor through a 193 nm one-photon ionization process.
TDAE has also found important applications in particle physics

and medical imaging. An alternative to expensive photomultiplier
tubes in detecting UV photons is to employ photosensitive gases
[5,6]. Detectors based on photosensitive gases can be employed
to detect UV photons over large areas with a reasonable cost.
In designing a detector based on these photosensitive gases, the
absorption photon wavelength and absolute quantum efficiency
are two important parameters. TDAE with its high vapor pres-
sure (0.35 Torr at 20 ◦C), large quantum efficiency, and broad
spectrum of sensitivity has proved to be an ideal gas for the detec-
tion of UV photons [7]. Another interest in TDAE arises from its
ferromagnetic properties when it is doped into fullerene crys-
tals, i.e., TDAE-C60. In 1991, Allemand et al. [8] recognized for
the first time that TDAE-C60 is a ferromagnetic material with
a Curie transition temperature of 16 K. Later, Tanaka et al. [9]

reported three magnetic phases for TDAE-C60 with Curie transi-
tion temperature of 25, 16, and 10 K. TDAE also has been chosen
to reduce the barrier for the charge injection in electronic devices.
It has been shown that a monolayer of TDAE deposited on a gold
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http://www.sciencedirect.com/science/journal/13873806
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Fig. 1. A schematic diagram of the linear electron ionization time-of-flight mass
spectrometer. The low-resolution standard electron gun and high-resolution tro-
8 N. Mirsaleh-Kohan et al. / International Jo

ubstrate decreases the work function of the surface by 1.3 eV
10].

Furthermore, TDAE is making an impact on the emerging field
f multiply-charged anions. One of the challenges in studies of
ultiply-charged anions (MCA) is the production of MCA in the

as phase. Although, the development of the electrospray ioniza-
ion source [11] has revolutionized the process of producing MCA,
or species such as fullerenes, generating doubly charged anions
till remains a difficult task. Interestingly, adding TDAE as a strong
lectron donor to the fullerene solution before spraying into the
lectrospray ionization source generally assists in the production
f doubly-charged anions of fullerenes. In this context, Hampe et al.
12] produced doubly charged of Cn

2− where n = 74 and 78–124
pon adding 2 mol of TDAE to a 1 mM fullerene solution. The
60F34

2− and C60F46
2− ion signals were also greatly enhanced using

DAE as an electron donor [13].
When Pruett et al. [14] were first synthesizing TDAE in 1950;

hey observed the emission of green chemiluminescence when
DAE was in contact with air. This observation was an unex-
ected behavior for such ethylene type derivatives. Later, this was
xplained by noting that since TDAE is an exceptionally electron
ich alkene it could be oxidized very easily. This property of TDAE
an be effectively used in the detection of oxygen. In addition to the
ynthetic method used by Pruett et al. [14], a few other methods
ave been successfully used in the preparation of TDAE [15,16].

The reactivity of an organic compound with at least one
arbon–carbon double bond (C C) is strongly influenced by the
ubstituents attached to the carbons. If the substituents with-
raw the electrons from the carbon–carbon double bond, then the
rganic compound is an electron acceptor. However, if the sub-
tituents attached to the carbon atoms increase the electron density
round the carbon–carbon bond, this compound can be an electron
onor. TDAE has four amino groups attached to the two central
thylenic carbon atoms and is an example of a strong electron donor
n many reactions. Wiberg [17] attributed the readiness of TDAE to
ive up electrons to the presence of the four amino groups. The
mino groups stabilize the positive ions of TDAE by partially trans-
erring their free electron pairs to the central carbon atoms (C C).
he chemical properties of TDAE have been discussed extensively
n Wiberg’s review article [17].

Nakato et al. [1] reported the first gas-phase IP of TDAE in 1971.
hey obtained an adiabatic IP of ≤5.36 eV and a vertical IP of 6.11 eV
or TDAE at room temperature by using a hydrogen-discharge lamp
ith the photon bandwidth of 0.02 eV. These IP values were esti-
ated by measuring the photoelectron current as a function of

hoton energy. The accurate measurement of the adiabatic IP was
ifficult since the onset of ionization was rather gradual. In addi-
ion, the sample was held at room temperature making possible
hot band” effects in the ionization threshold. A He(I) photoelec-
ron experiment performed by Centinkaya et al. [18] reported a
alue of 5.95 eV for the vertical IP of TDAE. This experiment also
nvolved TDAE at room temperature.

There are also a few theoretical studies of adiabatic and vertical
onization potentials of TDAE. A study by Martin et al. [19] reported
alues of 4.95 and 5.62 eV for the adiabatic and vertical IPs, respec-
ively. Pederson and Laouini [20] reported two values for vertical IP:
.88 eV by including spin polarization effects and 5.80 eV without
onsidering the spin polarization. Moreover, they further calculated
he highest occupied molecular orbital (HOMO) of the TDAE in order
o identify its donor electron. These authors reported that the donor
lectron is mostly delocalized over the C C bond and the neighbor-
ng four N atoms, i.e., interior part of the molecule. They concluded

hat the TDAE molecule donates an electron with little change in
ts molecular size.

Although there have been extensive studies describing TDAE
s an electron donor, its molecular conformation is not well char-
choidal electron monochromator are located on opposite sides of the ionization
region. In the drift region, a set of X–Y deflectors and a cylindrical Einzel lens are
used to focus the ions beam [24].

acterized. Gas-phase electron diffraction studies [21] show that
TDAE is composed of four identical N(CH3)2 groups attached to the
C C double bond. The repulsion between the four amino groups
in TDAE prevents the formation of a planar structure for TDAE. A
Raman spectrum showed [22] a very intense band in the C C region
(1630 cm−1), whereas this mode exhibits no infrared absorption
[23]. This mutual exclusion indicated that the TDAE is symmet-
ric about the C C region, but it gives no information about the
arrangement of the dimethylamino groups. A study by Wiberg
[17] concluded that since the energy barrier for the rotation of
the dimethylamino groups about the C–N bond is very small, they
can rapidly rotate about the C–N bond giving TDAE several rota-
tional isomers. A study by Bock et al. [21] employing gas-phase
electron diffraction revealed some structural information on TDAE.
They determined that the two molecular halves [N2(CH3)2] on both
sides of the C C axis are twisted relative to each other by 28◦. The
bond distances were reported to be 1.36, 1.40, and 1.45 Å for C C,
C–N, and N–CH3, respectively.

In this work, we report the adiabatic IP values of the nozzle-jet
expanded (ro-vibrationally cooled) TDAE measured from electron
ionization (EI) and laser photoionization (PI) spectra, a C C stretch-
ing frequency from argon ion laser (514.5 nm) excitation Raman
spectra, and molecular fragmentation from EI ionization time-of-
flight mass spectra. Moreover, we present molecular geometries,
adiabatic and vertical IPs, and vibrational frequencies of the TDAE
molecule from Becke’s 3-parameter hybrid density functional
theory (DFT/B3LYP) calculations. From the experimental mea-
surements and theoretical calculations, we find relatively large
structural changes of TDAE upon ionization.

2. Materials

Tetrakis(dimethylamino)ethylene (C10H24N4, TDAE) was pur-
chased from Sigma–Aldrich stored at low temperature and used
with no further purification. Due to the air sensitivity of this com-
pound, sample preparation was performed using an argon-purged
glove bag.

3. Experimental methods

3.1. Electron ionization experiment

A linear time-of-flight mass spectrometer (TOFMS) was
employed to record the mass spectra and adiabatic IP of TDAE. In
this system (Fig. 1), which has been described previously [24], elec-

tron ionization is used as the source of ionization [25]. The electrons
are generated by one or both of the two electron guns, a low-
resolution standard electron gun or a high-resolution trochoidal
electron monochromator. The trochoidal electron monochroma-
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or (TEM) [26] is used to generate high-resolution electron beams.
typical TEM produces a tunable monoenergetic electron beam
ith intensities on the order of nanoamperes and an electron

nergy resolution of 0.1–0.02 eV. In the present TOFMS, molecules
re introduced into the interaction region via a seeded nozzle
et that provides a rotationally, vibrationally, and translationally
ooled molecular beam. This molecular beam is crossed at right
ngles with the beam of energy-selected electrons in the interac-
ion region. The Wiley–McLaren [27] space-focusing condition is
sed to increase the time-of-flight mass resolution of the ion beam.
he entire system is pumped by two 300 l/min roughing pumps
Varian) separately in line with two 550 l/s turbomolecular pumps.
he base pressure of the TOFMS is ∼10−9 Torr.

The TDAE vapor was introduced across the electron beam
hrough a nozzle-jet with argon gas at backing pressures of an
tmosphere. The extent of ro-vibrational cooling is unknown but
elieved to be significant. The electrons were produced by one
f the electron guns discussed above depending on the required
nergy resolution and intensity of the electron beam in the study.
he molecules that do not interact with the electron beam are
umped out of the chamber. Mass spectra of the TDAE ions were
btained using the standard electron gun (10−5 A) in order to pro-
uce sufficient ion signals. A Hewlett-Packard digital oscilloscope
Infinium 500 MHz) was used to view the time-of-flight spectrum.
ramsTM software was used to convert the time scale to the mass
cale spectrum using known mass peaks such as Xe and Ar for the
alibration. The IP of the parent ion was recorded employing the
EM electron gun. The resolution of the TEM was set to approx-
mately 0.1 eV. In order to record a mass signal versus electron
nergy, a mass peak was selected and averaged by using a Stanford
esearch Systems box integrator (SR 250). A LabviewTM computer
rogram was also used to collect the data from the Boxcar Integra-
or in order to plot the intensity of a chosen peak versus electron
nergy. The argon carrier gas (IP = 15.75 eV) was used to calibrate
he electron energy scale.

.2. Photoionization experiment

Photoionization measurements were carried out with an exper-
mental setup described in a previous publication [28]. The setup
onsists of two vacuum chambers: the first chamber contains
supersonic molecular beam source, and the second chamber

ouses a homemade, two-field, time-of-flight mass spectrome-
er. TDAE was introduced at room temperature and seeded in
ltra high purity He or Ar gas (Scott-Gross) at 50 psi. The mix-
ure of the inert gas and organic vapor was then supersonically
xpanded to the source vacuum chamber through a general valve
series 9) operated in a 10 Hz pulsed mode. Mass spectra were

easured by photoionization time-of-flight mass spectrometry,
nd photoionization efficiency spectra were obtained by recording
he mass-selected ion signal as a function of the laser wave-
ength. Ionization was carried out by a frequency-doubled dye
aser (Lumonics, HD-500), pumped by the third harmonic output
355 nm) of a Nd:YAG laser (Quanta-Ray, GCR-3). The ion signal
as detected by a dual micro-channel-plate detector (Galileo),

mplified by a preamplifier (Stanford Research System SR445),
veraged by a gated integrator (Stanford Research System SR250),
nd recorded in a laboratory computer.

.3. Raman experiment

The Raman spectra were recorded with a Dilor XY-800 confo-

al micro-Raman spectrometer [29]. Laser excitation was obtained
sing a 100 mW Lexel, Inc, 3500 argon ion laser (514.5 nm). Due to
he air sensitivity of TDAE, the sample was placed in a sealed glass
ube. The experiment was performed at room temperature (20 ◦C).
Fig. 2. Computed D2 structure and bond lengths of neutral TDAE. All bond lengths
are in angstroms.

The laser light was focused on the sealed sample through a 80×
objective of the microscope. Raman spectrum for TDAE under liquid
nitrogen (RUN) was also recorded in order to obtain a higher reso-
lution Raman spectrum as well as obtaining information regarding
the presence of conformers of TDAE [29]. In this regard, the sealed
sample was placed under liquid nitrogen and the laser beam was
passed through the liquid nitrogen and the glass. The Raman exper-
iment under liquid nitrogen condition provided more information
about the Raman bands and will be discussed in Section 5. RUN
spectroscopy has been shown to provide ro-vibrational cooling of
the sample as well as the quenching of higher energy molecular
conformers. RUN spectrum often exhibits less fluorescence back-
ground.

4. Computational methods

Geometry optimizations of neutral and positively charged TDAE
(C10H24N4) were performed using DFT/B3LYP method (B3LYP) and
6-311++G (d,p) and 6-311+G(d,p) basis sets. All calculations were
performed using the Gaussian 03 program suite [30].

Vibrational frequencies of the neutral and singly charged pos-
itive ion of TDAE were also computed for several reasons. First,
to confirm that the optimized geometry is a minimum energy
structure, which should have no negative (imaginary) frequencies.
Second, to obtain the zero-point energy needed to calculate the adi-
abatic IP of TDAE. Finally, the calculated vibrational frequencies will
be compared to the experimental Raman spectra to further assess
the accuracy of the calculations.

5. Results and discussion

5.1. Computational results

The computed molecular structure of the lowest energy neutral
TDAE is presented in Fig. 2. The TDAE structure was found to be
a non-planar structure with D2 symmetry. As shown in Fig. 2, the

C C, C–N, N–CH3, and C–H bond distance was found to be 1.37,
1.41, and 1.45, 1.1 Å, respectively, for the neutral TDAE. The dis-
tances obtained from the calculations are in good agreement with
the data reported from the gas-phase electron diffraction studies
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Table 1
Computed values for adiabatic (IPa) and vertical (IPv) ionization potentials of TDAE.
All values are in eV.

Computational method IPa (eV) IPv (eV) Reference

B3LYP/6-311++G(d,p) 5.15 5.83 This work
B3LYP/6-311+G(d,p) 5.16 5.72 This work
B3LYP/4-21G 4.65 5.28 [19]
B3LYP/cc-pVDZ 4.95 5.62 [19]
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Table 2
Experimental values for adiabatic (IPa) and vertical (IPv) ionization potentials of
TDAE. All values are in eV.

Experimental method IPa (eV) IPv (eV) Reference

Electron ionization 5.3 ± 0.2 – This work
Photoionization 5.20 ± 0.05 – This work

cies of the positive ion shows that the C C stretching mode shifts

T
C
Å

Density functional (spin unpolarized) – 5.80 [20]
Density functional (spin polarized) – 5.88 [20]

21]. Angles for N1–C1–N4, C9–N1–C10, N1–C1–C2, and C10–N1–C1
re also computed to be 113◦, 116◦, 124◦, and 120◦, respectively
see Fig. 1 for the notation).

For the singly charged TDAE, the C C, C–N, N–CH3 and C–H
ond lengths are 1.43, 1.37, and 1.46, and 1.1 Å. The C C bond
istance increases significantly upon ionization, whereas the C–N
ond length decreases. The N–CH3 and C–H bond distances remain
lmost unchanged. Angles for N1–C1–N4, C9–N1–C10, N1–C1–C2,
nd C10–N1–C1 are also computed to be 118◦, 115◦, 121◦, and
22◦, respectively. One significant difference between the neutral
nd positive ion structures is the rotation of methyl groups. For
xample, the torsion angle C2–N2–C6–H10 (Fig. 2) changes from
0◦ to 9◦ upon ionization. Because of these bond lengths and angle
hanges, the relative nuclear positions alternate considerably upon
onization. This contributes to the significant difference between
diabatic and vertical IPs.
Calculated and experimental vertical and adiabatic IPs for TDAE
re shown in Tables 1 and 2. The adiabatic (vertical) IPs from
he B3LYP/6-311++G(d,p) and B3LYP/6-311+G(d,p) calculations are

able 3
omputed vibrational frequencies (scaled by 0.98) and Raman (IR) intensities for neutral
4/amu, and IR activities are in km/mol. The intense C C stretch mode (1622 cm−1) is hig

Mode �n Frequency Raman (IR) activity Mode �n Frequency

1 65.8 1.0 (2.3) 37 1032.6
2 66.4 0.6 (0.0) 38 1047.5
3 76.7 0.3 (0.0) 39 1047.8
4 80.8 0.1(0.6) 40 1050.2
5 102.0 3.3 (0.6) 41 1050.4
6 125.1 0.4 (2.5) 42 1081.6
7 126.2 2.4 (0.1) 43 1091.3
8 131.3 1.2 (1.3) 44 1093.7
9 162.1 0.1 (3.2) 45 1095.3

10 174.9 0.8 (1.1) 46 1097.3
11 177.0 1.8 (0.1) 47 1119.2
12 185.8 0.9 (0.6) 48 1134.5
13 188.4 1.5 (0.5) 49 1136.3
14 204.9 1.5 (0.0) 50 1138.9
15 217.9 0.1 (2.2) 51 1142.1
16 230.9 0.3 (2.5) 52 1213.3
17 237.0 0.7 (0.0) 53 1219.3
18 243.7 1.0 (1.7) 54 1226.7
19 261.2 3.9 (3.0) 55 1235.0
20 296.9 0.7 (9.6) 56 1288.5
21 313.2 7.8 (0.0) 57 1315.4
22 323.9 4.7 (2.1) 58 1330.6
23 337.9 0.8 (13.8) 59 1340.0
24 354.7 0.6 (1.6) 60 1407.1
25 358.2 0.5 (0.7) 61 1408.1
26 411.8 4.3 (0.6) 62 1410.4
27 419.4 1.5 (1.5) 63 1411.7
28 512.3 1.7 (3.3) 64 1430.6
29 535.0 1.3 (1.0) 65 1431.2
30 594.7 5.5 (6.1) 66 1435.6
31 630.9 2.5 (13.4) 67 1437.2
32 703.4 2.2 (0.9) 68 1445.7
33 840.5 1.8 (4.3) 69 1446.7
34 863.5 9.6 (14.0) 70 1448.1
35 915.8 4.8 (3.0) 71 1448.6
36 981.5 25.6 (4.3) 72 1454.0
Photoionization ≤5.36 ± 0.02 6.11 ± 0.02 [1]
Photoionization – 5.95 [18]

5.15 eV (5.83 eV) and 5.16 eV (5.72 eV), respectively. The difference
between the adiabatic and vertical IPs is on the order of ∼0.6 eV,
which is another indication of structural change of TDAE upon ion-
ization.

Computed vibrational frequencies and their Raman and IR inten-
sities are listed in Tables 3 and 4 for the neutral molecule and
the singly charged positive ion of TDAE. Since for both basis sets
the calculated frequencies are in close agreement, only the results
from one basis set (6-311++G(d,p)) are presented. The values of
computed frequencies are scaled by a factor of 0.98 due to known
systematic errors in the calculated frequencies [31].

According to the calculations, there is a very intense vibrational
feature in the neutral TDAE that is attributed to the symmetric
stretching mode of the central C1 C2 (1622 cm−1). This mode is
Raman active, but shows almost no IR activity. The 1622 cm−1 mode
is also very well separated from other modes, making it easy to be
identified experimentally. Calculation of the vibrational frequen-
to 1544 cm−1 upon ionization of TDAE. This frequency shift indi-
cates a weakening C C bond and is consistent with the predicted
bond length increase from the neutral molecule to the ion.

TDAE using B3LYP/6-311++G(d,p). Frequencies are in cm−1, Raman activities are in
hlighted.

Raman (IR) activity Mode �n Frequency Raman (IR) activity

0.8 (199.6) 73 1456.2 5.7 (2.2)
4.3 (2.6) 74 1462.1 0.6 (15.0)
7.0 (8.0) 75 1465.8 5.7 (5.0)
4.8 (5.0) 76 1467.6 0.9 (19.2)
2.7 (10.1) 77 1467.8 4.4 (0.9)
0.6 (191.4) 78 1476.9 2.5 (13.1)
0.6 (0.4) 79 1477.5 2.8 (10.3)
0.8 (23.9) 80 1485.3 20.2 (0.6)
1.2 (1.9) 81 1487.8 0.0 (27.3)
6.6 (6.1) 82 1495.9 8.3 (28.8)
9.7 (0.0) 83 1498.0 34.3 (6.2)
0.2 (9.8) 84 1622.0 347.5 (1.5)

10.2 (3.0) 85 2849.7 210.8 (102.5)
0.6 (17.6) 86 2851.1 279.0 (167.0)
2.8 (3.2) 87 2872.4 133.2 (107.2)
0.9 (11.5) 88 2873.8 180.5 (120.8)
3.0 (0.0) 89 2879.1 5.2 (281.4)
8.5 (46.4) 90 2880.0 491.7 (5.1)
0.2 (60.8) 91 2907.8 6.4 (185.3)
1.3 (0.5) 92 2909.1 284.3 (1.2)
1.3 (109.5) 93 2954.8 17.7 (110.9)
0.5 (184.1) 94 2955.0 204.3 (6.7)

14.9 (18.9) 95 2964.0 36.2 (102.1)
6.3 (0.2) 96 2964.2 291.4 (18.6)
9.0 (1.0) 97 2968.6 96.0 (66.2)
7.3 (1.0) 98 2968.8 262.4 (50.2)
5.5 (2.2) 99 2978.8 40.2 (100.6)
0.4 (1.0) 100 2979.1 228.8 (4.1)

19.6 (6.6) 101 3037.0 43.1 (26.7)
4.0 (8.9) 102 3037.3 39.3 (15.0)
7.3 (5.6) 103 3053.3 51.4 (5.4)

15.4 (0.3) 104 3053.4 24.9 (27.7)
18.9 (14.0) 105 3055.3 17.6 (12.3)

2.8 (2.6) 106 3055.3 77.3 (27.8)
9.7 (0.0) 107 3062.5 21.1 (2.0)
1.3 (11.9) 108 3062.8 23.8 (26.7)
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Table 4
Computed vibrational frequencies (scaled by 0.98), and Raman (IR) intensities for singly charged positive ion of TDAE using B3LYP/6-311++G(d,p). Frequencies are in cm−1,
Raman activities are in Å4/amu, and IR activities are in km/mol. The C C stretch mode (1544 cm−1) is highlighted.

Mode �n Frequency Raman (IR) activity Mode �n Frequency Raman (IR) activity Mode �n Frequency Raman (IR) activity

1 64.9 1.2 (0.0) 37 1044.6 0.0 (17.5) 73 1460.2 6.1 (39.7)
2 74.5 0.7 (0.9) 38 1046.7 0.1 (2.2) 74 1462.5 0.9 (29.9)
3 87.9 0.0 (0.8) 39 1047.3 1.2 (12.2) 75 1467.8 42.3 (6.2)
4 117.5 0.2 (1.4) 40 1047.9 1.6 (0.0) 76 1474.9 0.4 (6.5)
5 123.7 0.3 (2.7) 41 1056.1 3.9 (141.8) 77 1475.6 0.0 (16.2)
6 133.5 4.6 (0.0) 42 1094.8 0.0 (12.6) 78 1480.8 59.5 (0.0)
7 142.9 1.7 (2.0) 43 1097.1 0.1 (0.6) 79 1482.3 5.7 (35.4)
8 146.2 0.3 (5.1) 44 1097.1 3.5 (0.0) 80 1486.4 121.8 (0.0)
9 152.5 1.9 (0.0) 45 1098.2 0.2 (0.2) 81 1505.6 3.5 (48.0)

10 172.8 1.8 (0.6) 46 1123.5 0.3 (73.5) 82 1525.1 0.1 (251.9)
11 180.6 1.3 (0.0) 47 1126.8 1.6 (1.3) 83 1535.3 5.1 (49.8)
12 184.0 0.1 (0.4) 48 1133.6 2.2 (0.0) 84 1544.4 59.1 (0.0)
13 187.8 0.2 (0.1) 49 1135.1 0.1 (2.1) 85 2957.7 15.4 (15.4)
14 190.8 0.2 (0.1) 50 1142.7 0.3 (57.5) 86 2957.7 13.9 (12.9)
15 198.8 2.8 (0.0) 51 1155.3 0.2 (2.6) 87 2958.4 60.6 (11.2)
16 219.1 1.0 (0.0) 52 1204.5 17.0 (0.0) 88 2958.7 87.7 (0.0)
17 245.6 0.1 (0.6) 53 1204.9 0.0 (11.7) 89 2960.9 74.6 (13.6)
18 247.6 0.1 (1.1) 54 1219.2 3.3 (31.3) 90 2961.5 64.4 (134.6)
19 262.4 2.2 (4.5) 55 1246.2 0.9 (67.5) 91 2962.4 0.1 (108.3)
20 284.3 0.0 (7.4) 56 1296.3 18.1 (0.0) 92 2964.8 1618.6 (0.0)
21 301.1 0.6 (0.0) 57 1362.5 9.4 (148.5) 93 3003.9 23.9 (42.9)
22 324.1 15.9 (0.0) 58 1396.3 3.7 (31.6) 94 3004.3 117.9 (38.9)
23 335.7 0.4 (1.5) 59 1403.1 0.0 (119.6) 95 3006.4 311.2 (0.0)
24 342.2 0.8 (4.9) 60 1418.0 1.5 (10.8) 96 3006.4 186.6 (30.2)
25 353.2 1.7 (0.4) 61 1419.1 8.4 (0.7) 97 3009.7 16.0 (6.5)
26 407.3 5.7 (0.0) 62 1419.9 9.5 (0.0) 98 3010.3 75.7 (1.9)
27 416.6 1.4 (0.4) 63 1420.9 2.8 (35.6) 99 3010.5 122.8 (0.0)
28 502.4 0.0 (3.6) 64 1441.4 15.8 (0.0) 100 3011.0 4.3 (4.6)
29 538.8 1.2 (1.7) 65 1441.9 1.6 (6.4) 101 3079.8 42.8 (0.0)
30 570.3 7.9 (1.6) 66 1447.1 2.6 (4.2) 102 3079.9 19.5 (0.1)
31 591.6 21.2 (0.0) 67 1450.6 36.8 (0.0) 103 3081.3 37.3 (6.2)
32 665.3 0.8 (1.9) 68 1453.4 22.7 (9.4) 104 3081.4 23.0 (14.0)
33 841.6 0.5 (6.7) 69 1454.4 2.5 (0.5) 105 3083.0 72.6 (8.5)

5

i
+

34 858.3 10.9 (40.5) 70 1457.5
35 902.3 1.9 (11.9) 71 1459.3
36 987.0 15.5 (0.0) 72 1459.9

.2. Experimental results
TDAE time-of-flight mass spectra from 20 and 40 eV electron
onization are presented in Fig. 3. The parent ion (C10H24N4
) at 200 amu and many fragment ions in the mass range

Fig. 3. TOF mass spectra of TDAE with electron e
0.6 (14.4) 106 3083.2 5.2 (14.7)
10.5 (0.0) 107 3083.2 0.4 (6.0)
17.7 (15.7) 108 3083.4 26.4 (0.0)

of 45–185 amu were observed in the mass spectrum. Here,

we have attempted to assign each peak to specific fragment
ions although further experiments such as MS/MS might
be needed to justify these assignments. The major fragment
ions include parent–CH3 (185 amu), parent–(CH4)2 (168 amu),

nergies of 20 eV (top) and 40 eV (bottom).
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On the other hand, our DFT calculations predicted significant geom-
etry differences between the ground electronic states of the neutral
and ionized molecules, which should result in poor Franck–Condon
(FC) factors for transitions around the band origin. Using the equi-
Fig. 4. TOF mass spectra of oxidized-TDAE with

arent–N(CH3)CH2 (157 amu), parent–N(CH3)2H6 (150 amu),
arent–N2(CH3)2H7 (135 amu), parent–N2(CH3)3H4 (123 amu),
arent–N2(CH3)3CH2 (113 amu), N2(CH3)4 (88 amu), C3H9N2
73 amu), C3H8N (58 amu), and NH(CH3)2 (45 amu). At very low
nergy (∼6 eV, not shown here) only the parent ion was present.
ragment ions are observed to be more dominant than that of the
arent ion for electron energies above ∼40 eV.

It should be noted that in order to obtain these sets of data,
xtreme care was taken to minimize the reaction of TDAE with oxy-
en since, as stated before, TDAE is extremely air sensitive. In this
egard, in another experiment (Fig. 4), we observed a mass peak at
16 amu, which was not present in the first set of data. We con-
ribute this peak to the reaction of TDAE with oxygen. Oxidation
f TDAE may result in dissociation of the central C C bond [32] to
ive excited species, which subsequently fluorescence with a bright
reen color. In this regard, the ion at 116 amu can be assigned to
he C5H12N2O+ ion as a result of a reaction of TDAE with oxygen. In
ig. 4 (bottom spectrum), we also observe a mass corresponding to
5H12N2

+ (100 amu). The mass 100 amu could also be attributed to
he doubly charged ion of TDAE (TDAE2+). Yatsuhashi et al. [33] have
eported evidence for the existence of doubly charged TDAE previ-
usly, though the mass resolution of the accompanying isotopes in
his apparatus does not allow us to verify this possibility. However,
ince this mass was not observed in the not-oxidized TDAE mass
pectrum, with the same experimental conditions, we attribute this
ass to the C5H12N2

+ ions.
Fig. 5 shows a typical ionization curve of TDAE as a function of

lectron energy. The argon ion signal, which was used to calibrate
he electron energy, is also shown. As seen in Fig. 5, the parent
on onset occurs at ∼5.3 eV and peaks at ∼20 eV. The cross sec-
ion steadily decreases above ∼20 eV. The energy threshold for the
ormation of the parent ion was found to be 5.3 ± 0.2 eV.

Fig. 6 shows the photoionization efficiency spectrum of jet-
ooled TDAE. The parent ion signal begins at ∼5.20 (5) eV, slowly
ises to 5.30 (5) eV, and then continues to rise more sharply. These
nergies were corrected by adding 0.014 eV (110 cm−1) to the laser

nergy used for the photoionization. This small correction is due to
he ionization-threshold shift induced by the DC field (320 V cm−1)
sed to extract the ions in the time-of-flight mass spectrometer
nd estimated with the relation �IP (cm−1) = 6.1 E1/2, where E is
ron energies of 20 eV (top) and 40 eV (bottom).

the field strength in units of V cm−1. The slowly rising ion signal
in Fig. 6 between 5.20 and 5.30 eV may arise from photoionization
of vibrationally excited neutral molecules or poor Franck–Condon
factors due to a large geometry difference between the neutral and
ionized states. To investigate the origin of the ion signal in this
energy region, photoionization efficiency spectra were measured
by replacing He with Ar as the carrier gas. If these ions originate
from ionization of the vibrationally excited molecules, their rela-
tive intensities should decrease with Ar carrier gas. This is because
the Ar supersonic beam has a higher cooling efficiency than He,
resulting in lower internal temperatures of the neutral molecules
and thus smaller populations in the excited levels [34]. However,
the photoionization spectra of TDAE seeded in Ar and He show
very similar profiles, suggesting that the slowly rising ion signal
is not due to ionization of vibrationally excited neutral molecules.
Fig. 5. Ionization potential of parent ion of TDAE (C10H24N4
+) compared with that

of Ar+ from the argon seed gas. The TDAE data represents the overlap of a number
of spectra.
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ig. 6. Photoionization efficiency spectrum of TDAE seeded in helium carrier gas.

ibrium geometries and vibrational force fields of the neutral and
onized molecules predicted by DFT, we calculated multidimen-
ional FC factors [35]. The FC factor for the 0-0 transition between
he vibronic ground states of the neutral and ion molecules is very
mall (∼10−6), and significant FC factors (∼5%) begin at ∼0.2 eV
bove the 0-0 transition. Therefore, the first ionization onset at 5.20
5) eV measured from the photoionization efficiency curve should
orrespond to the upper bound of the adiabatic IP of TDAE.

Fig. 7 compares the calculated and observed Raman vibrational
requencies of TDAE. As it can be seen, the strongest Raman shift
n the experimental spectrum is 1632 cm−1. From the calculation,
his mode was attributed to the C C stretch mode. This stretch

ode is also in close agreement with the previously reported value
1630 cm−1) [21]. There is also good agreement between most of
he experimental and computed frequencies, demonstrating that

he D2 symmetry for TDAE is a reasonable structural symmetry.
owever, the calculated intensities do not correspond exactly to

he experimental values, which is not unusual. The difficulty in

ig. 7. Comparison between calculated (top) and experimental (bottom) Raman
pectra of TDAE. The experimental data were recorded with Ar laser at room tem-
erature (20 ◦C).
of Mass Spectrometry 304 (2011) 57–65 63

predicting the Raman intensities is due to the fact that the Raman
intensity is the differentiated frequency-dependent polarizabil-
ity with respect to nuclear displacements and such a calculation
demands a very high-level computational method with the inclu-
sion of sufficiently large basis sets in the wave function describing
the molecule.

The intense C C Raman mode has no accompanying IR activity
(obtained from the calculation) and adds confidence that TDAE pos-
sesses a centro-symmetric structure (mutual exclusion principle).
As discussed in the computational section, this mode is expected
to shift to 1544 cm−1 upon ionization of TDAE.

Thus far, in our discussion we have focused on the optimized
structure of TDAE and its properties. However, it is important to
consider the relative energies for the isomers of TDAE. Fleurat-
Lessard and Volatron [36] have extensively studied different
geometries resulting from pyramidalization or rotational isomers
of the amino groups in TDAE. In their paper, they concluded that
TDAE only has two minima as a result of strong steric effects.
The energy difference between the two minima was found to be
0.026 eV (MP2/HF calculation level). It is thus very likely that in
our experiments we have both isomers. We also computed the
difference in energy between these two isomers using the B3LYP/6-
311++G** basis set and also obtained a value of 0.02 eV.

We performed further Raman studies of TDAE in search of evi-
dence for these isomers (lowest energy = conformer I, 0.026 eV
higher in energy = conformer II) at two extreme temperatures:
room (295 K) and liquid nitrogen (77 K) temperatures. Raman spec-
tra for TDAE at room temperature and under liquid nitrogen (RUN)
are presented in Fig. 8. As seen in Fig. 8, the RUN spectrum exhibits
very similar band positions as the room temperature spectrum.
However the relative band intensities at the two temperatures vary
considerably. The C C stretching frequency (1632 cm−1) remains
the most intense line at the two temperatures. Raman under liquid
nitrogen (RUN) usually shows much higher spectral resolution as
a result of ro-vibrational cooling [29]. Accordingly, the two bands
in the 1100 cm−1 region become better resolved in the RUN spec-
trum. The main conclusion is that the same Raman transitions are
observed at room temperature and with liquid nitrogen cooling. In
many cases where two different isomers are present, the highest
energy isomer will be absent at 77 K (e.g., only the trans isomer is
present in RUN for cis/trans 1,2-dichloroethane), however for TDAE,
we did not observe changes in the Raman transition bands for the
two different temperatures.

In Fig. 8, we compare the calculated Raman frequencies and
intensities for the two different isomers. Although it is difficult to
draw much conclusion from this figure, it is interesting to focus on
the two bands at 865 and 938 cm−1

. These two bands have almost
the same intensity for the lowest energy structure (conformer I). For
conformer II (0.02 eV higher in energy), 938 cm−1 band is stronger
than the 865 cm−1 band. In the experimental spectra, we observe
that these two bands (865 and 938 cm−1) have the same inten-
sity in the case of RUN experiment. The same trend is observed for
2600–300 cm−1 bands. These bands have almost the same inten-
sity as shown in Fig. 9. A glance at Fig. 8 shows that these bands
have the same intensity in the RUN spectrum. These observations
suggest that upon reducing the temperature of the sample from
room to liquid nitrogen, the Raman lines better reflect the frequen-
cies and intensities of the lowest energy structure (conformer I).
Finally the drastic reduction of the main feature (1632 cm−1) rel-
ative to the other lines in the RUN spectrum is not understood
unless it is related to the decrease in conformer II. We also observed
that the intensities of the other frequencies decrease in the RUN

spectrum especially in the higher frequencies (2800–300 cm−1). In
conclusion, although our Raman experiments suggest that at lower
temperature the Raman lines better reflect the frequencies and
intensities of the lowest energy structure, higher energy conformer
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Fig. 8. Comparison between Raman spectra for TDAE at room temperature and under liquid nitrogen (RUN).
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ig. 9. Comparison between Raman intensities for conformer I (lowest energy) and

conformer II) could still exist under liquid nitrogen conditions, i.e.,
o transition bands disappear the RUN spectrum. However, pro-
ided that the energy difference of the two lower conformers is
bout 0.02 eV, the sample should be predominantly in its lowest
nergy state.

. Conclusion
In summary, we report refined IP values of jet-cooled TDAE
btained from electron ionization and laser ionization spec-
roscopy. The upper limits of the adiabatic IP are measured to
rmer II (0.02 eV higher in energy) of TDAE computed using B3LYP/6-311++G(d,p).

be 5.3 ± 0.2 eV from electron impact ionization and 5.20 ± 0.05 eV
from laser photoionization. The DFT calculations show that
although the bond distances are changed upon ionization, the
conformation of TDAE appears to be unaltered. The bond-length
changes may be attributed to the 0.6 eV difference between the
adiabatic and vertical ionization potentials. In addition, we mea-
sured a C C stretching frequency of TDAE using laser Raman

spectroscopy and compared it with the computed value. Good
agreements between the experimental and computational fre-
quencies were observed, which provided further validation for the
predicted structure of TDAE. Finally, this work provides a better
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