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ABSTRACT
Infrared-vacuum ultraviolet (IR-VUV) spectra of neutral dimethylamine clusters, (DMA)n (n = 2–5), were measured in the spec-
tral range of 2600–3700 cm−1. The experimental IR-VUV spectra show NH stretch modes gradually redshift to 3200-3250 cm−1

with the increase in the cluster size and complex Fermi Resonance (FR) pattern of the CH3 group in the 2800–3000 cm−1 region.
Ab initio anharmonic vibrational calculations were performed on low-energy conformers of (DMA)2 and (DMA)3 to examine vibra-
tional coupling among CH/NH and to understand the Fermi resonance pattern in the observed spectra features. We found that
the redshift of NH stretching mode with the size of DMA cluster is moderate, and the overtone of NH bending modes is expected
to overlap in frequency with the CH stretching fundamental modes. The FR in CH3 groups is originated from the strong coupling
between CH stretching fundamental and bending overtone within a CH3 group. Well-resolved experimental spectra also enable
us to compare the performance of ab initio anharmonic algorithms at different levels.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5086095

I. INTRODUCTION

Vibrational spectroscopy has been one of the most impor-
tant methods to analyze intramolecular and intermolecular
interactions of complexes, providing detailed structural and
dynamical information.1–13 The vibrational features of the
C–H, N–H, and O–H stretches in the 3 µm region are often

quite complex because of Fermi Resonance (FR). For instance,
the FR interaction between the methylene symmetric
C–H stretching mode and the methylene bending mode has
been observed in the vibrational spectra of the polymethy-
lene chain.14 Infrared spectroscopic study of HCO2

−, DCO2
−,

and HCO2
− · · ·H2O revealed that the dominant FR interac-

tions occur between the CH stretch fundamental and both
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the in-plane and out-of-plane bending overtones.15 The CH
stretch–bend Fermi couplings have been observed in the CH
stretch region for a variety of hydrocarbon systems.16–19 The
5n-dimensional anharmonic Hamiltonian calculations of neu-
tral (NH3)n (n = 1–5) clusters indicated that the main play-
ers of the FR are the symmetric N–H stretching mode and
overtones of the bending mode, and the coupling with over-
tones of the bending mode becomes more important in the
tetramer and the pentamer.20 Infrared spectra of the X− ·H2O
(X = Cl, Br, I) complexes evidenced a FR interaction between
the ionic hydrogen-bonded O–H stretch and the overtone of
the intramolecular bend.21 Interestingly, the investigation of
rare gas-tagged H3O+ species demonstrated a stronger cou-
pling between the overtones of bending modes and the fun-
damentals of stretching modes in Ne-tagged H3O+ than in
Ar-tagged H3O+.22–24

The recent infrared-vacuum ultraviolet (IR-VUV) spectro-
scopic and ab initio anharmonic study of neutral monomethy-
lamine (MMA) dimer indicated that the main origin of the com-
plexity in the spectral range of 2800–3000 cm−1 is caused by
FR between the stretching and the bending overtones of the
CH3 group.25,26 Dimethylamine (DMA) is a molecule with two
nonpolar CH3 groups and one polar NH group, which affords a
model system for studying the coupling among different CH3
groups and NH groups. Microwave spectroscopic studies of
DMA dimer and trimer suggested that (DMA)2 has a struc-
ture of Cs symmetry and (DMA)3 consists of a cyclic struc-
ture.27,28 IR spectroscopic measurements of neutral dimethy-
lamine clusters remain elusive so far. Herein, we report the
IR spectra of neutral dimethylamine clusters, (DMA)n (n = 2–
5), in the spectral range of 2600–3700 cm−1. The experimental
spectra are analyzed with the help of calculated spectra from
ab initio anharmonic algorithms.

II. EXPERIMENTAL METHOD
Experiments were carried out on a previously described

Dalian IR-VUV apparatus.26 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 a Xe/Ar gas mix-
ture at 1:10 relative concentration for 200 Torr total pressure.
A beam of neutral complexes was generated from supersonic
expansions of 5% DMA seeded in He using a pulsed valve (Gen-
eral Valve, Series 9) at 5 atm backing pressure and passed
through a 4 mm diameter 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 time-of-flight (TOF) mass spectrome-
ter, and the signal intensity of the particular mass channel was
monitored. Here, the tunable IR light pulse was introduced at
about 55 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 dissociation induced
depopulation of the neutral cluster. The depopulation can be
monitored as a reduction of the ion signal intensity in the clus-
ter mass channel. An IR spectrum of the size-selected neutral
species was obtained as a depletion spectrum of the moni-
tored ion signal intensity 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 using a
potassium titanyl phosphate (KTP)/Potassium Titanyle Arse-
nate (KTA) optical parametric oscillator/amplifier system
(OPO/OPA, LaserVision)29 pumped by an injection-seeded
Nd:YAG laser (Continuum Surelite EX). This system is tunable
from 700 to 7000 cm−1 with a linewidth of 1 cm−1. The wave-
length of the OPO laser output was calibrated using a com-
mercial wavelength meter (Bristol, 821 Pulse Laser Wavelength
Meter). The IR spectrum was obtained by converting from the
measured relative depletion of the mass spectrometric ion sig-
nal (I(ν)/I0) upon irradiation with IR light to relative absorption
cross sections σ(ν) using σ(ν) = −ln[I(ν)/I0]/P(ν). The normal-
ization with the IR laser pulse energy P(ν) accounted for its
variations over the tuning range.

III. COMPUTATIONAL METHODS
A. Structures of DMA clusters

The structures of neutral (NH3)n and (MMA)n have been
searched previously, and the stable structures of small clusters
(n = 3 and 4) form the hydrogen bond in a cyclic form.20,25,30
Base on the structures of (MMA)n, we generated different con-
formers of (DMA)n by replacing the free (non-HB) hydrogen
atom on each MMA by a CH3 group. Due to the additional
CH3 group in DMA, the role of dispersion can be more signif-
icant. Thus, we have also carried out random search on DMA
clusters using B3LYP hybrid functional augmented with a dis-
persion correction (DFTB-D3). These initial structures were
first checked with their structural similarity by following the
procedure we developed earlier.31 Only distinct conformers
underwent geometry optimizations (first by B3LYP/6-31+G∗
and then verified by MP2/aug-cc-pVDZ). Structures of low-
energy isomers are shown in Fig. 1 with their relative ener-
getics. We found three conformers for the DMA dimer. Con-
formers 2a and 2b are hydrogen-bonded (H-Bonded) struc-
tures with a relative energy of 1.6 kJ/mol. In the most stable
conformer of trimer (3a), all DMA molecules are single-donor-
single-acceptors. Conformer 3b has two hydrogen bonds, and
thus, every DMA molecule has a different coordination num-
ber (one single-donor, one single-donor-single-acceptor, and
one single-acceptor). In addition to the H-Bonded structures
shown in Fig. 1, we found several non-HB conformers. The
structure shown in 2c is a non-HB conformer, and it has a
relative higher energy of 5.9 kJ/mol.

B. Ab initio anharmonic method—Quartic potential
One of our anharmonic algorithms based on quartic

potential (QP) and direct diagonalization of vibrational Hamil-
tonian has recently been applied to study Fermi resonance in
ammonia and MMA clusters.20,25 The details of the method-
ology can be found in the previous publications; thus, we
will only include a brief summary here. In our treatment, the
anharmonic vibrational Hamiltonian included all the cubic and
part of the quartic terms in the potential energy operator,
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FIG. 1. Optimized structures of neutral
(DMA)n (n = 2 and 3) clusters. MP2/aug-
cc-pVDZ relative energies (in kJ/mol) are
listed inside round brackets. The N–H
and N–H· · ·N (inside square brackets)
bond distances are given in Å.
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where qi is a mass-weighted coordinate along the ith nor-
mal mode. To analyze the coupling among normal modes in
different functional groups, we used a normal mode local-
ized in either a molecule or a functional group to expand the
vibrational Hamiltonian. Second derivatives with MP2/aug-
cc-pVDZ were computed analytically with the Gaussian 09
program.32 The third and fourth derivatives were then eval-
uated by numerical finite difference methods from ana-
lytical second derivatives. Following this procedure, only
the semi-diagonal (up to three body or three different-
modes) of the quartic terms was included. This QP form
of the ab initio anharmonic Hamiltonian was commonly
used in many anharmonic analyses.33,34 Instead of using
perturbation theory, we cast the Hamiltonian matrix using
direct product of harmonic oscillator wavefunctions as basis,
and direct diagonalization was used to solve eigen-value
problems.

For a given conformer of (DMA)n, we considered up to
14n degrees of freedom (DOF): including n NH stretch, 6n CH
stretch, n NH bend, 4n CH3 bending, and 2n CH3 umbrella
modes. Construction of the vibrational Hamiltonian for a DMA
cluster is much more expensive than their counterparts in
ammonia and MMA clusters. The number of DOF in a DMA
cluster is much larger than the other two clusters; for exam-
ple, the CH stretch and CH bend in a DMA trimer need 36 DOF,
which makes the basis size to ∼1 × 106; meanwhile, the com-
puting time to evaluate one Hessian at MP2/aug-cc-pVDZ of
DMA dimer is comparable to that of an ammonia pentamer

and a MMA trimer. Therefore, we have examined up to the
DMA trimer with our anharmonic algorithm based on quartic
potential.

C. Ab initio anharmonic method—Discrete
variable representation

In the above-mentioned ab initio anharmonic algorithm,
the potential energy surface (PES) term was truncated at the
fourth order. To access the error caused by neglecting the
higher order terms in QP, we used discrete variable represen-
tation (DVR) to compute the vibrational coupling among the
six vibrational modes of a CH3 group in the DMA monomer.
Our DVR implementation has been detailed in a few recent
publications.23,24 Since only PES is needed in DVR and there
is no need to have analytical Hessian implemented in quantum
chemical packages, we can use higher level of electronic struc-
ture methods [such as coupled-cluster single double (CCSD)]
to test the convergence on the level of quantum chemistry
method. The main drawback of DVR is the unfavorable scal-
ing with respect to the number of DOF and grid points. Due
to the limitation of the matrix size in DVR, we examined the
coupling among the six DOFs in a CH3 group, and we used 5
grid points for all modes; thus, we need 56 = 15 625 grid points
to build a full 6D PES. Scanning the whole 6D PES with CCSD
is computationally expensive; hence, we truncated the PES to
5-mode representation (MR),22 and we utilized the “mixed-
level approach,” which computed the different n-mode cou-
pling with the different level of theory. We calculated all
1MR and 2MR couplings with CCSD/aug-cc-pVDZ, and all
3MR-5MR couplings were calculated with MP2/aug-cc-pVDZ.
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This method allows us to obtain the same accuracy with the
CCSD method with a fraction of the computational cost.

IV. RESULTS AND DISCUSSION
A. Experimental results

Figure 2 shows the mass spectra of DMA clusters gen-
erated by the 118 nm single-photon ionization under differ-
ent experimental conditions. Two series of DMA clusters are
observed, one unprotonated (DMA)n+ and the other proto-
nated H+(DMA)n. With a proton affinity ∼930 kJ/mol,35 DMA
could easily pick up a proton, which is similar to ammonia,36
monomethylamine,26 and methanol.37

During the preparation for DMA clusters, various exper-
imental conditions (i.e., concentration of DMA/helium mix-
ture, type of nozzle, intensity of main spring and buffer spring
of General Valve, and stagnation pressure) were optimized to
maximize the signal of the cluster with interest and minimize
the contribution from larger clusters. For instance, it can be
seen from Fig. 2 that under experimental condition (i), the
(DMA)2+ cluster is clearly observed while the signal of (DMA)3+

is negligible. Infrared spectra of neutral (DMA)2 were recorded
by monitoring the depletion for the intensity of the (DMA)2+

mass channel under experimental condition (i). IR laser power
dependence was performed to check the saturation effect, as
shown in Fig. 3. Bands A–D were observed with various IR
laser powers conditions a–c. By contrast, the asterisk-labeled
band at 2941 cm−1 was observed with higher IR laser power
at condition (a) but absent with lower IR laser powers at
conditions (b) and (c). As demonstrated before, for the first
overtone of the antisymmetric O–H stretching in the infrared
photodissociation spectra of [MgNO3(H2O)n]+ (n = 1–3),38
the intensity of a higher order excitation is more sensi-
tive to the IR laser power. This asterisk-labeled band fits

FIG. 2. Mass spectra of dimethylamine (DMA) clusters generated by 118 nm
single-photon ionization.

FIG. 3. IR laser power dependence for infrared spectra of neutral (DMA)2.

such a behavior very well, with its disappearance at low IR
laser power, and is assigned to an overtone or combination
band.

Analogously, IR spectra of neutral (DMA)3 and (DMA)n
(n = 4 and 5) were measured under the experimental condi-
tions (ii) and (iii) shown in Fig. 2, respectively. IR laser power
dependence of (DMA)n (n = 3–5) is illustrated in Figs. S1–S3,
respectively. The best resolution for IR spectra of (DMA)n
(n = 2–5) was achieved at a low IR laser power of ∼2 mJ/mm2,
which is shown in Fig. 4. It can be seen from Fig. 4 that the
IR spectrum for each individual cluster is different from each
other, indicating negligible contribution from larger clusters.
Experimental frequencies of (DMA)n (n = 2–5) are summa-
rized in Table I. Band A appears at 3288 and 3318 cm−1 in the

FIG. 4. Experimental IR spectra of neutral (DMA)n (n = 2–5) clusters measured
at the experimental conditions (i)–(iii) shown in Fig. 2 and condition (c) shown in
Fig. 3 and Figs. S1–S3.

J. Chem. Phys. 150, 064317 (2019); doi: 10.1063/1.5086095 150, 064317-4

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

TABLE I. Experimental band positions (in cm−1) and band assignments for neutral (DMA)n (n = 2–5) clusters.

Label n = 2 n = 3 n = 4 n = 5 Assignment

A 3318 3254 3259 3250 Hydrogen-bonded N–H stretch
3288 3244 3245 3240

3234 3229 3224
3222

B 2971 2971 2971 2969 Antisymmetric C–H stretch (ν2, ν11)
2909 2917 2917 2913

2903 2891 2895
C 2869 2865 2861 2857 The coupling between symmetric

2833 2831 2830 2827 C–H stretch (ν3) and C–H bending
overtones (2ν6/ν6 + ν5/2ν5/2ν12)

D 2793 2787 2786 2785 The coupling between symmetric C–H stretch
(ν3) and C–H bending overtones
(2ν6/ν6 + ν5/2ν5/2ν12)

n = 2 cluster, shows multiple splitting at 3222, 3234, 3244,
and 3254 cm−1 at n = 3, and then redshifts slightly by
5–10 cm−1 at n = 4 and 5. Bands B–D show small redshifts by
∼10 cm−1 from n = 2 to n = 5. Based on the previous stud-
ies of neutral MMA clusters,25,26 band A can be assigned to
the hydrogen-bonded N–H stretching. The splitting of band
A in the IR spectrum of DMA dimer could be stemmed from
the structural transformation and the fluctuation of hydrogen
bond distance as previously reported for the MMA dimer.26
The complex features observed in the 2700–3100 cm−1 region
(bands B–D) should be due to the C–H stretching. The recent
ab initio anharmonic analysis of neutral (MMA)2 cluster indi-
cated that the main origin of the complexity in the 2700–
3100 cm−1 region was caused by Fermi resonance (FR) between
the stretching and bending overtones of the CH3 group.25
Herein, both harmonic and ab initio anharmonic calcula-
tions were performed on the DMA clusters to explore vibra-
tional coupling of C–H/N–H and to understand the observed
spectral features.

B. Harmonic spectra
The comparison of experimental IR spectra to har-

monic spectra of DMA dimer and trimer calculated at the
MP2/aug-cc-pVDZ level is given in Figs. 5 and 6, respectively.
Among the three conformers of DMA dimer, conformers 2a
and 2b have very similar spectra with a hydrogen-bonded N–H
stretching mode. For DMA trimer, conformer 3a has three-fold
symmetry, so there is a doubly degenerated set of asymmet-
ric NH stretch modes. In the calculated harmonic spectrum
of conformer 3b, the two hydrogen-bonded N–H stretching
modes have slightly different frequencies.

The bright states in the 2800–3000 cm−1 region are the
C–H stretching modes in the CH3 groups. We follow the same
naming of vibrational modes of the CH3 group in DMA as the
previous study of FR in MMA: CH3

a d-str (ν11), CH3
a′d-str (ν2),

CH3
a′s-str (ν3).39 In conformer 2c, all CH3 groups are iden-

tical; thus, each type of CH stretching mode has four-fold
degeneracy. In conformers 2a and 2b, CH stretching modes on
donor DMA are systematically lower than their counterparts
on the acceptor DMA. While the relative energy of 2a and 2b is

1.6 kJ/mol, the difference in their spectral pattern is minimal.
The CH stretching modes in conformers 3a and 3b are consis-
tent with their hydrogen bonding coordination. In conformer
3a, all DMA are single-donor-and-single acceptors, so their
CH stretching modes are simple. In conformer 3b, every DMA
is different; thus, the frequency of their CH stretching modes
differs slightly.

C. Anharmonic spectra
From the harmonic analysis, we can see that the NH

group of non-HB conformers makes very minor contribution
to the spectral pattern above 3200 cm−1 and their spectral pat-
terns originating from the CH3 group (in the 2800–3000 cm−1

region) are very similar to the monomer. In the following, we

FIG. 5. Comparison of experimental IR spectrum with MP2/aug-cc-pVDZ harmonic
IR spectra for (DMA)2. Harmonic frequencies were scaled by 0.950, and the result-
ing stick spectra were convoluted by a Gaussian line shape function with a width
of 9 cm−1 (fwhm).
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FIG. 6. Comparison of experimental IR spectrum with MP2/aug-cc-pVDZ harmonic
IR spectra for (DMA)3. Harmonic frequencies were scaled by 0.950, and the result-
ing stick spectra were convoluted by a Gaussian line shape function with a width
of 9 cm−1 (fwhm).

will focus on the analysis of anharmonic spectra of the HB con-
formers. Experimental spectra of DMA dimer and trimer are
compared with anharmonic spectra of the HB conformers in
Fig. 7.

1. Weak coupling among vibrational modes
localized on different functional groups

In a previous study, we found the vibrational cou-
pling between CH3 and NH2 groups in a MMA molecule
or small cluster is negligible.25 In a DMA molecule, there
are three functional groups (two CH3 groups and one NH
group). We have also performed detailed analysis to con-
firm that vibrational coupling among these groups is small by
comparing anharmonic spectra of DMA monomer calculated
with different low-dimensional anharmonic Hamiltonians. For
DMA dimer, we found this approximation remains well jus-
tified in all three conformers. The details can be found in
Fig. S4.

2. Fermi resonance in NH group
Each DMA has only one N–H stretching and one N–H

bending mode; thus, FR in the NH group of DMA is simpler
than that in MMA. The main difference between the amine
groups in MMA and DMA clusters is that the frequency of
N–H bending in DMA is lower than that of the NH2 bending in
MMA (∼1600 cm−1 in MMA and ∼1500 cm−1 in DMA). In Fig. 7,
the overtone of N–H bending in DMA is found to be located at
slight above 3000 cm−1.

The spectral feature of NH groups by two H-Bonded
dimers (2a and 2b) are dominated by the donor DMA. The
frequency of H-Bonded N–H stretching in donor DMA is
∼3300 cm−1. Even though the mis-match in the frequency
(between overtone of bending mode and fundamental of
stretching modes) is more than 250 cm−1, overtone of bending
manages to borrow some intensity from N–H stretching. This
is consistent with the notion that the FR coupling strength is

FIG. 7. Comparison of experimental IR spectra of DMA clusters to anharmonic
spectra of the isomers shown in Fig. 1. Vibrational spectra calculated with explicit
cross coupling for the stretching modes of CH3 are shown in blue and those for
the NH group in red. For better comparison to experiments, the calculated spectra
are broadened with a homogeneous width of 15 and 5 cm−1 for the NH and CH
modes, respectively.

expected to be similar to MMA (∼50 cm−1). Since the binding
energies of conformers 2a and 2b are similar, their anharmonic
spectra are almost identical. In the conformers of 3a and 3b,
the frequencies of N–H stretch decrease to ∼3200 cm−1 and
the reduction in the energy mis-match (less than 200 cm−1)
enhances the intensity of the overtone states, and the peaks
at ∼3000 cm−1 become more obvious.

Due to computational cost, our anharmonic calcula-
tions are limited to the DMA trimer. For larger clusters, we
expect the frequency of N–H stretching modes will be slightly
reduced (due to cooperative effect) and thus the intensity of
the overtone states will be further strengthened. One should
note that the frequency of NH bending overtone appears
in the similar region of the fundamental of C–H stretching
modes.

3. Anharmonic spectra of the CH3 groups
calculated with quartic potential

Anharmonic spectra of the CH3 groups on different con-
formers of DMA clusters calculated with QP are shown in
Fig. 8. To analyze the Fermi resonance between the funda-
mental C–H stretching and C–H bending overtones, we first
performed 2 separate QP calculations on (1) all C–H stretching
modes and (2) all C–H bending modes; the QP Hamiltonians

J. Chem. Phys. 150, 064317 (2019); doi: 10.1063/1.5086095 150, 064317-6
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FIG. 8. Anharmonic spectra of the CH3 groups on different conformers of DMA
clusters calculated with QP. The red dashed lines are drawn for eye-guiding
purposes to connect the same types of C–H stretching modes in these DMA
clusters.

of these two systems are labeled Hs and Hb, and the result-
ing eigenvectors are labeled

{���ψ
ns
s

〉
and

{���ψ
nb
b

〉
, in which ns and

nb act as the quantum numbers. Subsequently, the QP Hamil-
tonian for the whole CH3 groups, HCH3, can be partitioned as
follow:

HCH3 = Hs + Hb + Vsb

in which Vsb is the coupling between stretching modes and
bending modes. The Hamiltonian can thus be recast using
the direct product wavefunction ��ns,nb

〉
as the basis, which is

defined as follow:

��ns,nb
〉
=

���ψ
ns
s

〉
×

���ψ
nb
b

〉
.

In this context, the fundamental C–H stretching is labeled
|1, 0〉, and the C–H bending overtone is |0, 2〉. The red lines
in Fig. 8 show the fundamental stretchings without the influ-
ence from bending overtones; the frequencies can be obtained
as the diagonal terms 〈1, 0 |HCH3 |1, 0〉; meanwhile, the intensity
can be estimated by evaluating the transition dipole moment
〈0 |HCH3 |1, 0〉, in which the initial state 〈0 | is the ground state of
HCH3. The off-diagonal terms 〈0, 2 |HCH3 |1, 0〉 can be viewed as
the coupling between stretching and bending overtone, which
is the main cause of Fermi resonance.

It can be seen from Fig. 8 that the position of three kinds
of C–H stretching modes is well separated and is not sensi-
tive to the size of the cluster. The peak position of ν11 and
ν2 in (DMA)n (n = 1-3) is very similar. The peak position of
ν3 in DMA clusters is slightly redshifted by 40 cm−1 from
n = 1 to n = 3. In DMA monomer, because of the weak cou-
pling between two CH3 groups, the ν11, ν2, and ν3 modes on
both CH3 groups are almost degenerated. Spectra of conform-
ers 2a and 2b are shown in Figs. 8(b) and 8(c); frequencies
of the stretching modes on the donor DMA are lower than
those of the acceptor DMA by ∼10 cm−1. Therefore, stretch-
ing modes in all three manifolds split into doublets (one set
originates from donor DMA and the other set from accep-
tor DMA). Based on the same notion, it is not surprising to
see the stretching modes of conformer 2c are almost degen-
erated and well separated into three distinct manifolds. In
conformer 3a, all DMA molecules are identical (single-donor-
single-acceptor); thus the stretching modes on each DMA are
again very simple. In conformer 3b, every DMA molecule has a
different coordination number (one single-donor, one single-
acceptor, and one single-donor-single-acceptor); thus, we can
see from Fig. 8(f) that the ν3 modes are spitted into three
groups.

To help analyzing FR, we follow the naming of vibra-
tional modes of the CH3 group on MMA and name the two
bending modes to be ν12 and ν5, and the umbrella mode is
referred to as ν6. If we turn on cross coupling between bending
overtones and stretching fundamental, more complex spec-
tra (shown in blue lines) of these conformers as a result of FR
can be seen. The Fermi resonance in the CH3 group of DMA
monomer is very similar to that of MMA monomer. By analyz-
ing the matrix elements between overtones of bending modes
(ν6, ν5, ν12) and fundamental of stretching modes (ν3, ν2, ν11)
of CH3 group, two points can be made. First, ν6 + ν12 and
ν5 + ν12 couple only to ν11. The weaker coupling and a frequency
detuning of more than 100 cm−1 both ν6 + ν12 and ν5 + ν12
(∼2900 cm−1) could not borrow significant intensity to make
them visible. So, the high-frequency is assigned to ν11. Second,
2ν6, ν6 + ν5, 2ν5 and 2ν12 couple only to ν3 and ν2. Because of
the better energy matching and stronger coupling with over-
tone states, ν2 plays a minor role in the FR. So, the second
highest frequency is assigned to ν2. The rest of the spectral
features originate from the coupling between ν3 and 2ν6/ν6
+ ν5/2ν5/2ν12.

4. Benchmarking anharmonic algorithms
against experimental data

The weak coupling among different CH3 groups enables
us to use one of the CH3 groups on the DMA monomer as
an example to benchmark the accuracy of quartic potential
at MP2/aug-cc-pVDZ in describing the vibrational spectra of
CH3 groups in DMA. The spectrum of DMA monomer with
quartic potential (at MP2/aug-cc-pVDZ) is shown in Fig. 9(a).
The spectra calculated with numerical PES with DVR methods
(at MP2/aug-cc-pVDZ and CCSD/aug-cc-pVDZ) are shown
in Figs. 9(b) and 9(c), respectively. Since the spectral fea-
tures of CH3 in DMA clusters show little size dependence, the
experimental IR spectrum of DMA trimer is shown in Fig. 9
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FIG. 9. Accuracy of quartic potential in describing the vibrational spectra of CH3
groups in the DMA monomer is benchmarked against numerical PES using DVR.
Experimental data of DMA trimer reported are shown at the bottom for comparison.

for comparison. It can be found that the agreement between
anharmonic calculations and experimental data is gradually
improved as the level of theory increases. This benchmark
comparison points out the convergence of anharmonic the-
ories to experimental spectra is slow. A higher level of elec-
tronic structure theories (both high-order terms of PES and
quantum chemistry level beyond MP2) might be required to
accurately capture the intensity borrowing.

V. CONCLUSION
Vibrational spectra of neutral dimethylamine clusters

(DMA)n (n = 2–5) have been examined by IR-VUV spectroscopy
combined with ab initio anharmonic calculations. Experimen-
tal spectra reveal well resolved patterns belong to the NH
(above 3200 cm−1) and CH3 (2800-3000 cm−1) groups. For the
NH stretching modes, we observed a moderate redshift as the
DMA cluster size increases, but there is no obvious sign of
FR in this region. Our anharmonic calculations indicate that
the overtone of NH bending would appear in the frequency
range that overlaps with the CH stretching modes and thus
can be further probed with clusters of (CD3)2NH. The complex
FR pattern in CH3 groups is originated from the strong cou-
pling between CH stretching and bending overtone within a
CH3 group; therefore, there is little dependence on the cluster
size.

SUPPLEMENTARY MATERIAL

See supplementary material for the IR laser power depen-
dence for infrared spectra of neutral (DMA)n (n = 3–5)
(Figs. S1–S3) and anharmonic vibrational spectra of a DMA
monomer to confirm the weak coupling among the three func-
tional groups (two CH3 groups and one NH group) of a DMA
(Fig. S4).
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