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Infrared-vacuum ultraviolet (IR-VUV) spectra of neutral trimethylamine dimer were mea-
sured in the 2500−3800 cm−1 region. Quantum chemical calculations were performed to
identify the structure of the low-lying isomers and to assign the observed spectral features.
The bands at 2975 and 2949 cm−1 were assigned to the antisymmetric C−H stretching and
the band at 2823 cm−1 to the symmetric C−H stretching, respectively. The 2739 cm−1

band was due to the CH3 bending overtone, which disappeared at low IR laser power of
1 mJ/mm2. The extra band at 2773 cm−1 could be due to Fermi resonance behavior of the
light isotopologue, these are often close in energy and can strongly mix through cubic terms
in the potential function. Experimental and theoretical results indicate the likely coexistence
of multiple structures. The peak widths of IR spectra of neutral trimethylamine dimer are
not significantly affected by the structural transformation, allowing the stretching modes to
be well resolved.

Key words: Infrared-vacuum ultraviolet, Neutral cluster, Trimethylamine, Quantum chem-
ical calculation

I. INTRODUCTION

As organic solvents and reagents, amines are ubiq-
uitous in biology and play an important role in en-
hancing particle nucleation and growth and affect-
ing secondary organic aerosol formation [1, 2]. At-
mospheric amines are emitted from various biogenic
(such as ocean organisms, protein degradation, and
biomass burning) and anthropogenic (such as ani-
mal husbandry, automobiles, industries, and treat-
ment of sewage and waste) sources [3]. Global emis-
sion of amines from animal husbandry operations
was estimated to be ∼95−198 Gg nitrogen/year, with
trimethylamine (TMA, (CH3)3N) being the most preva-
lent [4]. TMA was observed to be an important pre-
cursor formation of the critical nucleus under different
ambient environments [5].
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Mass spectrometry and optical spectroscopy of gas-
phase clusters provide detailed energetic and structural
information that is difficult to extract from bulk mea-
surement [6−14]. Infrared photodissociation (IRPD)
spectroscopy of H+(TMA)nH2O (n=1−22) clusters has
demonstrated that the proton localizes on the TMA
moiety regardless of cluster size [15, 16]. IRPD spec-
troscopic study of H+TMA(benzene)n (n=1−4) clus-
ters indicated that the methyl groups of protonated
trimethylamine are solvated by benzene [17]. Matrix-
isolation IR study of TMA/H2O clusters showed that
the cluster is formed in the vapor phase (as opposed to
being a result of diffusion of the trapped species) and is
related to its large stabilization energy (enthalpy) be-
cause of strong cooperative effects in its H-bond system
[18]. In the TMA/H2SO4/H2O clusters, the complex
formed between TMA and H2SO4 is of ionic character
due to proton transfer of the H+ proton from H2SO4 to
TMA to form a new N−H bond and the replacement
of the intramolecular O−H bond in H2SO4 by a strong
intermolecular N−H· · ·O hydrogen bond [19]. Recent
IRPD spectroscopy of (TMA)2

+ cation suggests the co-
existence of the N· · ·N and C· · ·HN structures [20].

In contrast, much less work has been done for neutral
solvation clusters, due to difficulties in both size selec-
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tion and signal detection. The preliminary IR spec-
trum of the neutral (TMA)2 reported previously was
not resolved well and the structural and dynamic infor-
mation was eluded [20]. Herein, we report the use of
infrared-vacuum ultraviolet (IR-VUV) spectroscopy to
probe the neutral TMA dimer. IR power dependence
was performed to check the saturation effect and to gain
a better spectral resolution. Quantum chemical calcu-
lations were performed to identify the structure of the
low-lying isomers and to assign the observed spectral
features.

II. EXPERIMENTS

Experiments were performed using the Dalian IR-
VUV apparatus, which consists of a pulsed supersonic
cluster source and a reflectron time-of-flight (TOF)
mass spectrometer. Details of the apparatus have
been described previously [21], and only a brief out-
line is given below. The VUV light at 118 nm used in
this study was generated by third harmonic generation
(355 nm) of a Nd:YAG laser (Nimma-600) via Xe/Ar
gas mixture at 1:10 relative concentration for 200 Torr
total pressure. A beam of neutral complexes was gen-
erated from supersonic expansions of 5% TMA seeded
in He using a pulsed valve (General Valve, Series 9) at
5 atm backing pressure and passed through a 4 mm di-
ameter skimmer and an aperture with 3 mm opening.
The cations were produced from the 118 nm one-photon
ionization process in the center of the extraction region
of a reflectron TOF mass spectrometer and the signal
intensity of the particular mass channel was monitored.
Here, the tunable IR light pulse was introduced at about
30 ns prior to the VUV laser pulse in a crossed man-
ner. When the resonant vibrational transition with the
IR light caused vibrational predissociation, the dissoci-
ation induced depopulation of the neutral cluster. The
depopulation can be monitored as a reduction of the ion
signal intensity in the cluster mass channel. An IR spec-
trum of the size-selected neutral species was obtained
as a depletion spectrum of the monitored ion signal in-
tensity by scanning the IR wavelength. The VUV laser
was operated at 20 Hz and IR laser was operated at
10 Hz. IR spectra were recorded in the difference mode
of operation.

The tunable IR laser beam was generated by a
KTP/KTA optical parametric oscillator/amplifier sys-
tem (OPO/OPA, LaserVision) pumped by an injection-
seeded Nd:YAG laser (Continuum Surelite EX). This
system is tunable from 700 cm−1 to 7000 cm−1 with a
line width of 1 cm−1. The wavelength of the OPO laser
output was calibrated using a commercial wavelength
meter (Bristol, 821 Pulse Laser Wavelength Meter). IR
spectrum was determined from the relative depletion of
the mass spectrometric ion signal using the following
equation:

σ =
−ln[I(ν)/I0]

P (ν)
(1)

where I(ν) and I0 are the depletion of the mass spec-
trometric ion signal and the mass spectrometric signal
of parent ion, respectively, and P (ν) is the frequency-
dependent laser power. The normalization with the IR
laser pulse energy accounted for its variations over the
tuning range.

III. THEORETICAL METHOD

Quantum chemical calculations were carried out us-
ing the Gaussian 09 package [22]. Recent investigations
have demonstrated that the M06-2X/6-311+G(d,p)
method can well reproduce the infrared spectroscopic
experiments of neutral methylamine clusters [21], which
was also employed for the present calculations. Rel-
ative energies and binding energies included the zero-
point-energy corrections. Harmonic and anharmonic
vibrational frequencies were calculated with analyti-
cal second derivatives. A scaled factor of 0.955 was
used for M062X/6-311+G(d,p) harmonic vibrational
frequencies, in order to account for anharmonicities and
for the method-dependent systematic errors on the cal-
culated harmonic force constants. The resulting stick
spectra were convoluted by a Gaussian line shape func-
tion with a width of 6 cm−1 (FWHM).

IV. RESULTS AND DISCUSSION

A. Experimental results

Typical mass spectrum of the cations produced by
the 118 nm one-photon ionization of TMA clusters is
shown in FIG. 1. Two series of TMA cluster cations
are observed, one unprotonated ((TMA)n

+) and the
other protonated (H+(TMA)n). Protonated cations are
often produced when clusters of alcohol or amine are
ionized. For the IR-VUV measurement, it has been ad-
dressed by previous studies, for example, in the cases of
methanol [23] and ammonia [24]. With a proton affin-
ity ∼949 kJ/mol [25], TMA could also easily pick up a
proton.

Reactions (2) and (3) were predicted to be en-
dothermic by 93.55 and 82.43 kJ/mol, respectively,
whereas reaction (4) was estimated to be exothermic
by 3.86 kJ/mol. Most of the excess energy in this VUV
one-photon ionization will be taken away by the neutral
fragment products.

[(CH3)3N]2
+ → [(CH3)3N]+ + (CH3)3N (2)

∆E = 93.55 kJ/mol (endothermic)

[(CH3)3N]2
+ → H+[(CH3)3N] + (CH3)2NCH2 (3)

∆E = 82.43 kJ/mol (endothermic)

[(CH3)3N]+ + (CH3)3N → H+[(CH3)3N] +

(CH3)2NCH2 (4)

∆E = −3.86 kJ/mol (exothermic)
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FIG. 1 Time-of-flight mass spectrum of the cations pro-
duced from the 118 nm one-photon ionization process in a
pulsed supersonic expansion of 5% TMA seeded in He.

During our experiment, various conditions (type of
nozzle, concentration, and stagnation pressure) were
optimized so that the VUV ionization of a supersonic
jet of 5% TMA/He mixture produced a mass spectrum
with very small signal intensities for unprotonated and
protonated trimer and larger clusters (FIG. 1). It can
be seen from FIG. 1 that no obvious mass spectral sig-
nals of (TMA)3

+ and H+(TMA)3 are observed, sug-
gesting the n≥3 clusters are not readily formed under
the present experimental conditions. When the tun-
able IR laser pulse was introduced at about 30 ns prior
to the VUV pulse, the depletion spectrum obtained by
monitoring the intensity of the (TMA)2

+ mass channel
and scanning the IR frequency in the 2500−3800 cm−1

region (FIG. 2) was attributed to the vibrational pre-
dissociation of the neutral (TMA)2. The experimental
IR spectra comprise four groups of intense bands la-
beled A, B, C, D, which are well resolved rather than
the previous work [20]. Experimental frequencies of
(TMA)2 are summarized in Table I.

IR laser power dependence was performed to check
the saturation effect as shown in FIG. 2. Bands A−D
were observed at the experimental conditions (FIG. 2
(a) and (b)), respectively. Band D (2739 cm−1) was ab-
sent at the experimental condition (FIG. 2(c)) with low
IR laser power of ∼1 mJ/mm2. As demonstrated before
for the first overtone of the antisymmetric O−H stretch-
ing in the IRPD spectra of [MgNO3(H2O)n]

+ (n=1−3)
[26], the intensity of a higher order excitation is more
sensitive to the IR laser power. Band D fits such a be-
havior very well, with its disappearance at low IR laser
power, and is assigned to an overtone or combination
band.

B. Comparison of experimental and theoretical results

Quantum chemical calculations simulations were per-
formed to interpret the experimental IR spectra and

FIG. 2 IR laser power dependence for infrared spectra
of neutral (TMA)2. The best resolution was achieved
at the experimental condition (c) with an average en-
ergy of IR laser pulse of ∼1 mJ/mm2 compared to the
other two experimental conditions (a) 6.7/8.8 mJ/mm2 and
(b) 4.5/5.8 mJ/mm2.

TABLE I Experimental IR-VUV band positions (cm−1),
M062X calculated harmonic frequencies (cm−1), and band
assignments for the four lowest energy isomers of neutral
(TMA)2 including 2-I, 2-II, 2-III, 2-IV.

LabelExpt. 2-I 2-II 2-III 2-IV Assignment

A 2975 2985 2985 2986 2997 νa(C−H)

2949 2939 2945 2944 2952

B 2823 2828 2827 2855 2830 νs(C−H)

2845 2815

2832 2803

C 2773 Fermi resonance

D 2739 2790 2755 2803 2800 CH3 bending overtone

structural dynamics of (TMA)2. The structures, en-
ergetics, and simulated linear absorption spectra of
the four lowest-lying isomers (2-I, 2-II, 2-III, 2-IV) are
shown together with the corresponding experimental IR
spectrum in FIG. 3. The lowest-energy isomer, labeled
2-I, is a C2h structure in which four N· · ·H H-bonds
are formed in-between the two TMA molecules. The
2-II isomer is a Cs structure and also consists of four
N· · ·H H-bonds, which lies 4.74 kJ/mol higher in en-
ergy than 2-I. In the third isomer (C3), 2-III, the
TMA molecules form three N· · ·H H-bonds, which lies
8.27 kJ/mol above 2-I. The 2-IV isomer (+9.37 kJ/mol)
is a Cs structure and consists of two N· · ·H H-bonds.

In the calculated IR spectrum of 2-I, the antisym-
metric C−H stretchings (νa(C−H)) are calculated to be

2985 and 2939 cm−1 (FIG. 3 and Table I), which well
reproduce band A (2975 and 2949 cm−1). The sym-
metric C−H stretching (νs(C−H)) is calculated to be

centered around 2828 cm−1, which nicely reproduces
band B (2823 cm−1). The CH3 bending overtone is
predicted at 2790 cm−1 (Table I). Similarly, the 2-II iso-
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mer yields calculated positions of bands A and B which
are in excellent agreement with the experimental values
(FIG. 3 and Table I). In the calculated IR spectrum of
2-III, band B is split into three distinct features, which
are not observed experimentally. Analogous splitting
of band B also appears in the calculated IR spectrum
of 2-IV. Summarizing, the calculated IR spectra of 2-I
and 2-II agree best with experiment, except that band
C (2773 cm−1) is not reproduced in the calculated har-
monic vibrational spectra. The isomerization barrier
from 2-II to 2-I energy difference is ∼0.1 kJ/mol, indi-
cating that the transformation between these two iso-
mers is facile. The coexistence of the 2-I and 2-II iso-
mers is likely here.

The extra band C could be due to Fermi resonance
behavior of the light isotopologue, these are often close
in energy and can strongly mix through cubic terms in
the potential function [18, 27, 28]. An intense band of
Fermi-mixing type was observed at 2820 cm−1 in the
H+(TMA)H2O cluster [18]. In the C−H Fermi reso-
nances in the formate ion reported recently [27], the
dominant interactions occur between the C−H stretch
fundamental and both the in-plane and out-of-plane
bending overtones. Multidimensional anharmonic cal-
culations to clarify the source of band C in the IR spec-
trum of (TMA)2 are in progress.

In summary, the peak widths of IR spectra of neu-
tral trimethylamine dimer are not significantly affected
by the structural transformation, allowing the stretch-
ing modes to be well resolved. This is similar to the
dynamic nature of (CH3NH2)2 with the involvement
of fast configuration interconversion of cis and trans
dimer [21]. Our current experimental setup is limited
by the wavelength and peak power of the tabletop VUV
laser, which could only ionize molecules with appropri-
ate ionization potentials. This limit could be easily re-
moved by using a VUV free electron laser (50−150 nm),
such as the one under construction in Dalian Institute
of Chemical Physics, which shall make it possible to
measure a wide variety of neutral solvation clusters,
providing fundamental details into the microsolvation
of organic molecules and solvent-solvent interactions.

V. CONCLUSION

The approach of IR-VUV spectroscopy combined
with quantum chemical calculation was employed to
study the CH3 vibrational spectral patterns of neu-
tral trimethylamine dimer. The bands at 2975 and
2949 cm−1 were assigned to the antisymmetric C−H
stretching and band at 2823 cm−1 to the symmetric
C−H stretching, respectively. The 2739 cm−1 band was
due to the CH3 bending overtone, which disappeared
at low IR laser power of 1 mJ/mm2. The extra band
at 2773 cm−1 could be due to Fermi resonance. The
coexistence of multiple isomers is likely for trimethy-
lamine dimer, which is consistent with the small pre-

FIG. 3 Experimental IR spectrum of neutral (TMA)2 (bot-
tom row), with the simulated linear absorption spectra,
structures, and relative energies (kJ/mol) of the four lowest-
energy isomers of 2-I, 2-II, 2-III, 2-IV. The average energy
of IR laser pulse was 1 mJ/mm2.

dicted energy difference between the two configurations
separated by low barriers. The ability to decipher such
isomers where very subtle forces and energies are at
play, suggests that the present method could be applied
to larger complexes and clusters which are directly rel-
evant to the fields of chemical biology and atmospheric
chemistry.
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