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Abstract

Infrared spectra of protonated trimethylamine (TMA) - water clusters,
(CH3);N-H™-(H,0), (n = 1 — 22) were measured in the OH stretching vibrational
region by size-selective photodissociation spectroscopy. Density functional theory
calculations of stable structures were performed, and temperature dependence of the
isomer populations and infrared spectra was also simulated by the harmonic
superposition approximation approach to analyze hydrogen bond network structures in
the clusters. It was shown that the excess proton (H") in this system localizes on the
TMA moiety regardless of cluster size. In the small-sized clusters, many isomers
coexist and their hydrogen bond networks are highly polarized to induce the large
charge-dipole interaction to stabilize the excess proton. Magic number behavior is not
observed at around the magic number size (n = 21) of protonated water clusters and its

implication on the hydrogen bond network structures is discussed.
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I. Introduction

The large magnitude of the permittivity of water is explained not only by the dipole
moment of the monomer (1.85 D) ' but also the high flexibility of its hydrogen bond
(H-bond) network structures. In the hydration of a charged species, the orientation of
water molecules around the charged species is arranged to form a highly polarized
H-bond network which stabilizes the system. >* Such a network structure would be
governed by the balance between the stability of the network itself and the magnitude of
the net dipole moment of the water network. Gas phase cluster studies can provide us a
microscopic picture on the formation of such a highly polarized H-bond network under
the influence of a charged species. A number of spectroscopic and theoretical studies on
hydrated cation/anion clusters have been reported, and a variety of water H-bond
network structures have been found. *~'> When a water network is in contact with a
charged species through only a single water site, the feature of the polarized water
network would be most prominent. An example is the small water anions (H,O)s¢’, of
which H-bond networks are obviously arranged to produce the large net dipole moment
for the binding of the excess electron. ' Such an example, however, has been rarely
found in hydration of cations or protonated species because multiple coordination is

formed (this is typical in hydration of metal cations) or intra-cluster proton transfer to



Physical Chemistry Chemical Physics

the water moiety occurs with increasing cluster size. *>°

To study the microscopic nature of highly polarized water networks, protonated
trimethylamine-water clusters TMA-H'-(H,0), are of great interest. In H-bond
networks, TMA can play only the role of a single proton acceptor. If the excess proton
(H") is localized at TMA because of its much larger proton affinity (PA, 227 kcal/mol)
than that of water (165 kcal/mol), *' the protonated TMA site acts as a single proton
donor and can directly contact only with a single water site in the water network. Thus
the protonated TMA site is located at a terminal site of the water network, and the water
network is expected to be highly polarized to stabilize the charge in the excess proton.
This cluster system will be useful to explore how large net dipole moment can be
formed by water networks. With increasing order of the solvation shells, the water
network in solvation shells away from the excess proton will eventually become
non-polarized. The TMA-H'-(H,0), clusters will provide insight on this microscopic
dielectric shielding.

In the case of protonated binary-component clusters X-H'-(Y),, the preferential
location of the excess proton is not actually evident because not only the difference
between the PAs of the two components (X and (Y),) but also the mutual solvation

energy govern the preferential location of the excess proton. 7 2*#*~%" Very recently,
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we have studied the preferential location of the excess proton in TMA-H -(CH;0H), by
using the theoretical and experimental approaches and we have shown that though PA
of (CH30H), at n > 6 becomes larger than that of TMA, the preferential location of the
excess proton is the TMA moiety regardless of the cluster size. >’ The PA of water (165
kcal/mol) is lower than that of methanol (180 kcal/mol). *' Therefore, it is expected that
in TMA-H'-(H,0), the excess proton is localized on the TMA moiety. We have
studied the structure of TMA-H'-(H,0), by infrared (IR) spectroscopy and density
functional theory (DFT) calculations and have confirmed the unique protonation to the
TMA moiety. 8 For the much larger sized region, Chang et al. have recently reported IR
spectra of TMA-H'-(H,0), around the magic number size of protonated water clusters
H'(H,0),. 2 On the basis of the observation of the magic number behavior at n = 20
and the comparison with IR spectra of related hydrated clusters, the presence of two or
more structural families and the surface location of the charged site have been
concluded. However, the preferential site of the excess proton (H'TMA core or
hydronium ion) has not clearly been determined.

In the present study, we observe IR spectra of TMA-H'-(H,0), (n = 1 —22) in
the OH stretching vibrational region to examine their H-bond network structures. To

support the structure determination of the clusters, stable structures, relative energies,
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and temperature dependence of the isomer populations and vibrational spectra are
calculated by the DFT method. In addition, to determine the location of the excess
proton, we compare the observed spectra with those of H'(H,0), at the same size. The

features of the polarized H-bond networks of water are discussed.

I1. Methodology

Experimental

IR spectra of TMA-H'-(H,0), (n = 1 — 22) were recorded using IR predissociation
spectroscopy with a mass spectrometer equipped with linearly aligned tandem
quadrupole mass filters connected by an octopole ion guide. Details of the experimental

27-2% and only brief description is given here.

apparatus have been described elsewhere
TMA-H'-(H,0), was produced by pulsed discharge of a TMA / H,O mixed vapor
seeded in Ar buffer gas (total stagnation pressure of 5 atm). The gaseous mixture was
expanded from a pulsed supersonic jet valve (General Valve series #9). A pin electrode
was installed beside the nozzle and a pulsed voltage of ~400 V relative to the nozzle
was applied to the electrode. The voltage pulse width was 40 ps. Application of the high

voltage pulse was synchronized with the pulsed valve operation. lonization by the

discharge and successive proton transfer generated protonated species. Intensities of
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unprotonated ionic species were negligible under the present source condition.
TMA-H"-(H,0), clusters were produced and cooled by the jet expansion. The cluster of
interest was size-selected by the first quadrupole mass filter and then was introduced
into the octopole ion guide. The mass resolution of the first mass filter was set to be
sufficiently high (Am/Z < ~1) to prevent contamination by other cluster species. Within
the octopole ion guide, the size-selected cluster was irradiated with counter propagating
IR laser light, and was sent to the second quadrupole mass filter, which was tuned to
pass only the mass of the TMA—H+—(H20),,_1 orn2 fragment ion produced by vibrational
excitation. Thus, an IR spectrum of the size-selected cluster was recorded by monitoring
the fragment ion intensity while scanning the IR laser frequency. The TMA-loss channel
was negligible compared with the water-loss channels. Coherent IR light was generated
by an IR optical parametric oscillator (Laser Vision) pumped with the fundamental
output of a YAG laser (Continuum Inc., Powerlite 8000). Because of the limitation of
the output power in the low-frequency region, reliable measurements were restricted
above 2400 cm ' in this experiment. All the observed spectra were normalized
according to the IR power. The nearly linear laser power dependence of the
fragmentation signal was confirmed. The spectra were calibrated to the vacuum

wavenumber by simultaneous observation of atmospheric water absorption lines. In
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addition, for a comparison, we measured IR spectra of H'(H,0), by using the same
method and ion source.

Theoretical Calculations

Based on the previous discussions, the water H-bond network of TMA-H'-(H,0), is
expected to differ from both their neutral and protonated counterparts. The difference of
H-bond network of these two species has been thoroughly examined in the previous
studies on (H,0), and H'(H,0),. ***' Thus, initial structures of TMA-H"-(H,0), for n <
6 can be generated either by adding TMA to the free OH site of protonated water
clusters (H'(H,0),) or by adding a protonated TMA (TMA-H") to a lone pair orbital of
neutral water clusters ((H,0),). All structures are optimized first by B3LYP/6-31+G* as
this exchange-correlation functional has been used extensively to study protonated
water clusters and the small basis-set used also allows a quick convergence in geometry
optimization. ** For n = 1 and 2, only one isomer is found and for n = 3, there are only
two stable isomers. For n = 4 to 6, we found 14, 87, and 638 isomers, respectively, by
B3LYP/6-31+G*. For n = 5 and 6, we found isomers with proton transfer to the water
moiety, but their relative energies are at least 12 kcal/mol higher than the most stable

forms. Due to the exponential growth of stable minima with respect to size, our search
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scheme is limited to size n < 6. Details of these results can be found in Electronic
supplementary information (ESI).

Three bulky methyl groups in TMA deserve a close check on the role of
dispersion, thus we engage ®B97xD/6-311+G(2d,p) to further relax the geometry of
these clusters and to get the final energetics and vibrational spectra. *> Similar to the
previous study on TMA-H'-(MeOH),, >’ we did not find significant difference between
B3LYP/6-31+G* and ®B97xD/6-311+G(2d,p). Comparison between these two
exchange-correlation functionals can be found in ESI. In the main text, we only use
results derived from ©®B97xD/6-311+G(2d,p). All the calculations were performed by
the Gaussian 09 program suite. >* Calculated stable structures were visualized by the
MOLKEL program. 3

For n =1 - 3, we compare DFT calculated spectra directly with experimental
data. For n > 4, however, there exist so many isomers that we need to count on
analyzing the averaged population of all isomers at different temperatures. Assuming
the thermal equilibrium, we can calculate the canonical probability P,(7) of the isomer a
by employing the harmonic approximation. 2. 3% Under the quantum harmonic

.\ L . . Z
superposition approximation (Q-HSA), P,(T) is written as /2 (77)=—*~ , where,

Z(P)
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exp(—pfh a)v‘;,/ 2)
1—exp(—ph a)j)

1
k,T

Z,(p)=exp(-p£)] | . Z(B) =2n,Z,(B), and B=— is the
va a

“inverse temperature”. £’ is the electronic energy, and a);’, is the f-th vibrational

frequency of isomer «. Furthermore, the IR spectra are synthesized by the

statistically-weighted contributions of all the isomers. The total temperature dependent

IR spectrum intensity can be expressed as [, (@, T )=ZIa(a))Pa(T ), where the

total
I (w) 1is the spectrum intensity in harmonic frequencies calculations. For the
homogeneous width, we broden free OH and CH streching modes with 20 and 5 cm™,
respectively. For the H-bonded OH stretching, we adopt the power law formula
proposed by Takahashi and co-worker derived from studying the vibrational decay
lifetime of the OH bond stretch. " ** They found the homogeneous width for the
intramolecular hydrogen-bonded OH stretch can be written as I’ =a(a)ﬁeeOH—a))ﬁ ,
where Aw is the red shift of the H-bonded OH band peak with respect to the free OH
peaks in the experimental spectra. All the units of ' and Aw are chosen in
wavenumber (cm™). Following our previous studies on protonated methanol clusters, *°
the @ and g value we used here are o =0.0009 and S = 1.9. The ®sccon value is
3750 cm™ and all harmonic frequencies are rescaled by 0.9394 to be compared with

experimental data.

10
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III. Results and discussion
1. IR spectra of TMA-H'-(H,0), (n = 1-10) in the free OH stretch region

Figure 1 shows the comparison of the observed IR spectra of size-selected (a)
TMA-H'-(H,0), (n = 1-10) and (b) H'(H,0), (1 = 4 - 10) in the free OH stretch region.
Each spectrum was measured by monitoring the TMA-H'-(H,0),.; or H'(H,0),.,
fragment while scanning the IR wavelength.

The IR spectra of H'(H,0), shown in Figure 1 are essentially same as those

32,39-43

reported previously. It has been demonstrated that the free OH stretch region

of protonated water—containing clusters is a sensitive probe of the H-bonding

environment and network morphology. & 7+ %~ 1% 3% 39 =45

If the excess proton is
localized at the water moiety, IR spectra of TMA-H'-(H,0), should be similar to those
of H'(H,0),. ** However, the observed spectra of TMA-H'-(H,0), are clearly different
from those of H'(H,O),. This observation means that the excess proton in
TMA-H'-(H,0), is localized at the TMA moiety within this size range and their H-bond
networks in the water moiety are different from those of H'(H0),.

Prior to the discussion on the structures of TMA-H -(H,0),, here we briefly

summarize the correlation between the free OH stretch frequency and the H-bond

coordination number of water, that has been established in H'(H,0), and many hydrated

11



Physical Chemistry Chemical Physics

clusters with an excess proton. ***° > A water molecule which is located at a terminal
of a H-bond chain is a single proton acceptor (A) site, and its symmetric (v;) and
antisymmetric (v3) stretching vibrational bands of the free OH bonds appear at ~3640
and ~3740 cm™, respectively. An H-bond linear chain is composed of two-coordinated
water molecules, which are single acceptor—single donor (AD) sites. Their free OH
stretch bands appear at ~3715 cm™. A three-coordinated water molecule in a double
acceptor-single donor (AAD) site also has a free OH bond and its stretching vibration
band is seen at ~3695 cm™. Such an AAD site appears at a branching point of an
H-bond network.

In the observed IR spectra of TMA-H'-(H,0),, the v, and v; bands of A sites
appear in n = 1 — 5 (labeled by the green dotted lines in Figure 1). But both the bands
completely disappear in n > 6. This means that the H-bond network structures have
transformed from open chain types to closed ring types at n = 6. On the other hand, in
H'(H,0),, the disappearance of the v; and v3 bands occurs at n ~ 10. ** ~** This result
indicates that TMA-H"-(H,0), forms a closed ring network at much smaller sizes than
H'(H,0),. The free OH stretching band of AD sites appears at ~3715 cm™ (labeled by
the blue dotted lines) and this band is located in between the two bands of the A sites.

In the spectra of TMA-H'-(H,0),, the AD band seems to show a small shift to lower

12
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frequency at n = 6. Though free OH bands of H'(H,0), also show a frequency shift
trend with increasing cluster size, their shifts are toward higher frequency due to the
dilution of the excess charge effect. Therefore, the band shift at n = 6 is attributed to
the appearance of a new band at the low frequency side of the AD band. This new band
should be attributed to three-coordinated AAD sites (labeled by the red dotted line).
The presence of a weak shoulder in the band, which corresponds to the AD site, also
supports this assignment. Then it is concluded that the separation of the AD and AAD
bands in TMA-H'-(H,0), is much smaller than that in H'(H,0),.,

All of these spectral features in the free OH stretch region demonstrate that the
excess proton in TMA-H'-(H,0), is localized at the TMA moiety in the size range of n
= 1 — 10 and the water moiety should be neutral. However, the band features of
TMA—H+—(H20),, are also different from those of neutral water clusters (H,0),. 46,471
particular, we should note that the splitting between the two and three-coordinated water

4 - 51 Therefore, we

bands is not observed in (H,0), and neutral hydrated clusters.
conclude that the H-bond network of TMA-H -(H,0), is neutral but is under the strong
influence of the excess proton. We also note that the localization of the excess proton

in the TMA moiety has been also concluded for TMA-H'-(MeOH), (n = 3 — 7), in

which the proton affinity of the methanol moiety in n > 4 is expected to be larger than

13
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TMA. ¥
2. IR spectra of TMA-H'-(H,0), (n = 1-10) in the H-bonded OH stretch region

To obtain more detailed information on the H-bond network structures of
TMA-H'-(H,0),, we observed IR spectra in the H-bonded OH stretch region. The
observed spectra of n = 1 — 10 are reproduced in Figure 2. In addition to the relatively
sharp bands of the free OH stretches above 3600 cm’!, broadened bands are seen in the
3000 — 3600 cm™ region in the spectra of n > 1, and they are attributed to the H-bonded
OH stretches in the water moiety. The stretching vibration band of the excess proton
appears at the 2800 -3200 cm’™ region in the spectrum of n = 1 (as discussed below). 2
With increasing cluster size, this band largely shifts to lower frequency and only its tail
of the high frequency side can be seen in n > 4. In the following, we will discuss the
cluster structure of n = 1 - 6 on the basis of the comparison between the observed IR
spectra and their simulations.

The observed IR spectrum of TMA-H-(H,0), is reproduced in Figure 3(a).
Since this spectrum has been already reported in our other paper, * we only briefly
review the results. The two bands at 3637 and 3730 cm™ are assigned to the v| and vs
free OH stretching modes, respectively. Broadened bands at 2800 and 3100 cmare

attributed to the Fermi resonance between the N-H' stretching mode and the overtones

14
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of the N-H" bending modes. The n = 1 cluster has a unique stable structure 11 shown in
Figure 3(b). In this structure, the excess proton is located at the TMA moiety. Even if
the optimization starts with the excess proton on the water moiety, the excess proton is
transferred to the TMA moiety during the optimization.

In the observed spectrum of n = 2 (Figure 3(c)), the free OH stretching bands
appear at 3640 ~ 3750 cm™ and an H-bonded OH stretching band is seen at 3400 cm™.
Another intense band at 2775 cm™ is assigned to the N-H" stretching band. In addition,
some extra bands appear in the spectrum and they are attributed to Fermi mixing.
Detailed analysis of this Fermi mixing is beyond the focus of the present paper. The
optimized structure 2I shown in Figure 3(d) is a unique stable structure forn =2. In 21,
the two water molecules form an H-bonded linear chain, which is bound to the excess
proton. The simulated IR spectrum well agrees with the observed IR spectrum except
the appearance of the overtone/combination bands due to the Fermi mixing.

In the spectrum of TMA-H'-(H,0); reproduced in Figure 3(e), the free OH
stretch region shows three bands assigned to the pair of the v; and v; bands (A bands)
and AD band. An intense H-bonded OH stretch band appears at 3460 cm” and
broaden features, which are attributed to H-bonded OH stretch and

overtone/combinations, are also seen in 3000 — 3400 cm™. The intense band at 2680

15
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cm’ is assigned to the N-H" stretching band. Two stable structures, 31 and 3II in Figure
3(f) and (g), respectively, were found for » = 3. In both the structures, the excess
proton is localized at the TMA moiety. The water network is a linear chain in 3II while
it is a tree (branched chain) type in 3I. The observed spectrum shows a clear AD band in
the free OH stretch region, and this band can be reproduced only by 3II.  On the other
hand, 3I is more stable than 3II though their energy difference is quite small (0.31
kcal/mol). Except the AD band, both the isomers show similar features, and
contributions of these isomers cannot be distinguished. Therefore, coexistence of both
the isomers is suggested.

As shown in Figure 2, the stretching vibration of the excess proton (the N-H"
stretching mode) shows the shift trend to lower-frequency with increasing », at least up
ton =3. Inthe n >4 clusters, a broadened feature, which would be attributed to the
tail of the further shifted proton vibration band, is seen in the region below 2800 cm™.
Thus we focus on the free and H-bonded OH stretch bands above 3000 cm™ to
determine the cluster structures and the excess proton location. Number of stable
structures drastically increases in the n > 4 clusters, and unique structure determination
becomes difficult. This is also because coexistence of multiple isomers is highly

plausible due to the thermal energy of the protonated clusters produced by the discharge

16
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source. Thus, in n > 4, we employ the HSA approach to evaluate the averaged
populations and simulate their IR spectra at different temperatures. 2" *

In addition to linear chain and tree type structures, single ring (SR) type
structures become possible from n = 4. The temperature dependence of the isomer
population of n = 4 calculated by the HSA approach is shown in Figure 4.  The most
stable structure is the linear chain type, and the rise of the contribution of the tree and
single ring types is seen at 7 = 50 — 100 K, though their contribution is rather minor
even for temperatures higher than 200 K. Moreover, in all the isomers, the excess proton
is located at the TMA moiety. The IR simulations are compared with the observed
spectrum in Figure 5. Since the temperature range of protonated clusters produced by
the same ion source (e.g., TMA-H'(CH3;0H), and H'(CH30H),) has been shown to be
150 — 200 K, ?"*® we focus on the comparison with the IR simulations below 200 K.
Because of the dominant contribution of the linear chain isomers in 7' < 200 K, the
temperature dependence of the simulated spectra is moderate and the free OH stretch
bands above the 3600 cm™ region shows a reasonable agreement with the observed
spectrum in the entire temperature range we simulated. However, the gradual rise of

the H-bonded OH stretch band at ~3500 cm™ occurs with elevation of temperature, and

better agreement with the observed spectrum is found at 7= 150 — 200 K. Therefore,

17
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the observed spectrum is interpreted by the linear chain type isomers with the minor

contribution of the tree and single ring isomers. The structure of the global minimum

isomer with those of the most populated isomer in each morphology type at 200 K is

displayed in Figure 6. We should note that the water networks in all these isomers are

arranged to form a large net dipole moment to stabilize the charge at the excess proton.

In addition to the linear chain, tree, and single ring types, a more complicated

H-bond network type can be constructed in » = 5. This is the double ring (DR) type,

which is formed by bridging two sites in a single ring network with H-bonds. A

further comiplicated type, multiple ring (MR) type, in which more than two rings are

involved in the H-bond network, is also possible. At n =5, stable isomers with the

protonated water ion core are found. They are, however, much less stable (at by least

12 kcal/mol) than the protonated TMA ion core isomers (details can be found in ESI).

The tempeature dependence of the isomer type population is shown in Figure 7.

Different from n = 4, the most stable isomer is a single ring type, and the population of

this type of isomers is dominant up to ~120 K. With elevation of temperature, however,

the linear chain type becomes competitive, and the change of the major component

occurs at ~220 K.  This is because the linear chain type is more flexible and has lower

frequency intermolecular vibration modes. Therefore, the entropy factor of the free

18
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energy drives the population of the linear chain type in higher temperature. *°

Contributions of the tree isomer type are almost negligible in 7< 200 K. Inn =5, the
relative energies of the double and multiple ring types are rather high because of the
large distortion of the H-bonds, and their rigid structures (higher intermolecular
vibrational frequencies) reduce their vibrational state density.  Therefore, the
populations of these types are negligible in the whole calculated temperature range.
The simulated IR spectra are shown in Figure 8. The H-bond ring moiety in the single
ring type isomers has no A site (or these isomers can contain only one A site as a
dangling site to the ring moiety). Therefore the intensities of the v; and vs bands of the
A site are suppressed in the low temperature. With elevation of temperature, these two A
site bands become prominent because of the rise of the contribution of the linear chain
type isomers. In the H-bonded OH stretch band region, the band around 3500 cm’
occurs from the contribution of the linear chain isomers. The observed spectra is best
reproduced by the simulation at 150 - 200 K, in which the population of the single ring
isomers is still dominant but the linear chain type isomers also occupy about 1/3 -1/2 of
the population. The structure of the global minimum isomer with those of the most
populated isomer in each morphology type at 200 K is displayed in Figure 6. Not only

the linear isomer but also the single ring isomer has the H-bond network arrangement to

19
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induce large dipole moment to stabilize the charge on the excess proton in the TMA site.

The temperature dependence of the isomer population in » = 6 is shown in

Figure 9. Also in n = 6, stable isomers with the protonated water ion core are much

less stable (at by least 12 kcal/mol) than the protonated TMA ion core isomers and their

populations are negligible (details can be found in ESI). The double ring type is the

most stable structure in n = 6, and the population of this type is dominant in 7' < 200 K.

This contrasts with the case of n = 5. At n = 6, the double ring can be formed without

large distortion of H-bonds, and the enthalpy factor drives the population of the double

ring type in the low temperature. The rigid structures of the double ring type are,

however, disadvantageous in the entropy factor, and at 7= ~180 K, the rise of the

population of the single ring type occurs. The contribution of the linear chain type also

rises in higher temperature, but it is negligible in 7 < 200 K. In the observed spectrum

of n = 6, the A site bands almost disappear and the free OH band of the AAD band is

seen. In the double ring type isomers, the bridging sites of the two H-bond ring moieties

become three-coordinated (AAD or ADD) sites. Therefore, the two spectral features

in the observed spectrum are consistent with the double ring type isomers. As seen in

Figure 10, the temperature dependence of the IR simulations of » = 6 is very minor in 7'

<200 K. This is because the dominance of the double ring isomer type in 7 < ~180 K.

20
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All the IR simulations of 7 < 200 K well reproduce the observed spectrum. Though
the observed cluster temperature cannot be determined by the comparison with the
simulations, the temperature of 150 — 200 K is reasonably suggested by the results of
the n = 4 and 5 clusters which are produced simultaneously. Moreover, we conclude
that the observed spectrum is well interpreted by the dominance of the double ring type
isomers with the minor contribution of the single ring type. The structure of the global
minimum isomer with those of the most populated isomer in each morphology type at
200 K is displayed in Figure 6. At n = 6, we observed the dominance of the closed
ring types. Closed ring networks are characteristic in small-sized neutral water clusters
(H,0), (n > 3),* #9525 however, such types are rarely seen small-sized hydrated

clusters with an excess proton. '> 33~

Here we should note that in the present
experimental condition, the vibrational temperture of the protonated clusters is much
higher (150 - 200 K) than that of typical neutral clusters in a jet (< ~100K). This
suggests that even small water networks prefer closed cyclic strucutres up to ~200 K if
the water networks has no proton (hydronium ion).

As seen above, all the observed spectra were well simulated by the clusters

with the protonated TMA ion core, and we conclude that the excess proton is localized

at the TMA site at least up to n = 6. To stabilize the proton at the TMA site, i.e., the

21
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edge of the water H-bond network, the network should be highly polarized. This is
actually seen in the minimum energy and/or most populated structures displayed in
Figures 3 and 6. For further analysis, we estimated the dipole moment of the water
moiety of the stable isomers by assigning 6 and -28 on the H-atom and O-atom of a
water molecule. (Here we should note that 6 is an arbitrary value and this calculation is
to show how the dipole moments in the water molecules are summed or cancelled each
other. As a very rough evaluation, however, dipole moment of 1xd (unit of length is A)
can be considered to be on the same level with that of the water monomer, 1.85 D.) The
correlation between dipole moment of an isomer and its relative energy forn =1 — 6 is
shown in Figure 11(a).

For n =1 and 2, the dipole moments are 1.2 and 2.35. The two isomers of n =3
have dipole moments around 35. From the structures in Fig.3, we can see water
molecules in these small-sized isomers are all line-up in a directional manner. In the
structures of the most populated isomers n = 4 - 6, the alignment of the OH group to
stabilize the excess charge is seen at least up to the 3™ ~ 4™ shell water and their dipole
moment are about 49.

Most of the isomers for n = 4 to 6 have fairly large dipole moment (~45) and there is

no clear correlation between the magnitude of dipole moment of the water moiety and
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relative stability. Furthermore, we examine the dependence between the magnitudes of
dipole with their morphology. In Fig. 11 (b), we show the results for » = 6 and the
complete results for » = 4 and 5 can be found in ESI. The lack of dependence on the
dipole moment with morphology in this size range means that the polarity of the water
network is a key factor to form stable isomers in this system regardless of their
morphology. Thus, we expect the H-bond networks at larger size clusters would also
form similar types of networks with large net dipole moments. Then we discuss the
feature at large size clusters at around » = 21 and the effects of the excess proton to the

H-bond networks.
3. IR spectra of large sized TMA-H+-(H20),,

Figure 12 shows the mass spectrum of TMA-H'-(H,0), and H'(H,0),. This mass
spectrum was obtained by the co-expansion of TMA and water in the Ar carrier and
both the protonated cluster species were produced simultancously. The mass pattern of
H'(H,0),, in which n = 20 - 22 are highlighted in blue, shows the well-known magic
number behavior at n = 21. °°~% This magic number is attributed to the stable closed
cage structure formation with one water molecule (or H;O") inside the cage. ©*~™> On
the other hand, for TMA-H'-(H,0),, of which the magic number region is highlighted in

red, no clear magic number behavior is seen at » = 21 (and also at n = 20, as discussed
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later). Figure 13 shows the observed IR spectra of TMA-H'-(H,0), (n = 20 - 22) in
the free OH stretching region . The spectra of H'(H,0), are also shown for comparison.
In the spectra of H'(H,0),, the intensity of the AD water band at 3715 cm™ suddenly
decreases and the AAD band at 3695 cm” becomes predominant at n = 21. Only
closed polyhedral cages are possible structures if all the water molecules are
three-coordinated. Therefore this spectral change at n = 21 is the spectroscopic signature

of the closed cage formation at the magic number. *~*' On the other hand, in the case

of TMA-H'-(H,0),, such a spectral change is not observed at n = 21 (and also at n = 20).

If the excess proton in TMA-H'-(H,0),, is transferred to the water moiety, the magic
number behavior similar to H (H,0), is expected both in its mass and IR spectra. *° In
several mixed protonated clusters, such as (MeOH),-H (H,0),, (NH3),-H -(H,0),,
(monomethylamine),,-H'(H,0),, and (tert-butanol)-H (H,0),, the similar magic number
behavior has actually been reported at m + n = 21. 29.73-76 Therefore, the present results
demonstrate that the excess proton would be located at the TMA moiety even at these
large sizes.

Absence of the magic number behavior of TMA-H'-(H,0), in mass
spectrometry has been reported by Nguyen et al. '’ However, Chang ef al. have recently

reported the mass and IR spectra of TMA-H'-(H,0), stored at 133 K, and they have
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observed the magic number behavior both in the mass and IR spectra at n = 20. % The
clearness of the magic number behavior of TMA-H'-(H,0),, is weaker than those of
hydrated clusters of other protonated amines such as ammonia and monomethylamine
and they have suggested coexistence of several different types of isomers. This
observation by Chang et al. is quite contrastive to the present result. This difference
would be due to observation of different isomers induced by the different experimental
conditions; higher temperature (150 ~ 200 K) and shorter time scale (~ 100 us) for IR
dissociation detection in our experiments and lower temperature (133 K) and longer
time scale (ms or longer) in the experiments by Chang et al.

Here we comment on the specialty of the result reported by Chang et al. °  To
form a stable cage structure for the magic number behavior in hydrated clusters with an
excess proton, total 21 molecules which can be compatible with water in H-bond
networks are requested. ® ~7® 20 molecules form the cage and one molecule is located
inside the cage. To be compatible with water in the closed cage networks, the molecule
should be able to be three or four coordinated. Therefore, in X,,-H'-(H,0), clusters,
mixing of water-compatible molecules, such as X = methanol, ammonia,
monomethylammonium, and tert-butanol leads the mixed clusters of total 21 molecules

(m + n = 21) to the magic number behavior while the mixing of non-compatible
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molecules results in the magic number behavior at 21 water molecules (X = phenyl
radical) or disappearance of the magic number behavior (X = tetramethylammonium
and dimethylamine). *?* 7~ "® TMA can only be one-coordinated in H-bond networks
and this molecule should be located at outside the H-bond networks (and its molecular
size is too large to be included in the cage formed by 20 water molecules). Therefore,
the origin of the magic number behavior of TMA-H -(H,0), should be different from
that of H'(H,0),;. There has been no report on the special stability of cages formed by
20 water molecules (with or without an excess proton) and the mechanism of the magic
number behavior of TMA-H"-(H,0),, should be totally new one.

Figure 14 shows the observed IR spectra of TMA-H'-(H,0), (n =10, 15, 18, 20,
21) and H'(H,0),; in the full OH stretch region. The H-bonded OH stretch bands of
TMA-H"-(H,0),, are clearly different from those of H'(H,0),;. This is also consistent
with the absence of the magic number behavior of TMA-H'-(H,0),; and indicates that

its H-bond network is different from that of H'(H,O),;. In addition, the feature of

TMA-H"-(H,0),, is different also from that of the neutral water clusters around this size.

47,78 =80 Though the water moiety would be neutral, its H-bond network is still
influenced by the excess proton even at this size. In the spectra of TMA-H'-(H,0), (n =

10, 15, 18, 20, 21), the free OH stretching band at ~3700 cm™! becomes sharper with
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increasing cluster size. This is attributed to the reduction of the AD sites and the
predominance of the three-coordinated (AAD and ADD) sites in forming the closed
cage network structures. Moreover, the band at 3250 cm” become prominent at
TMA-H'-(H;0)-21. The H-bonded OH stretch region of the spectrum of
TMA-H"-(H,0), under the magic number condition has been reported by Chang et al.
%% Their spectrum is similar to the present one but the 3250 cm™ band is more prominent.
This would be due to the difference of temperature of the observed clusters. Chang et al.
have reported that the band at 3250 cm™! becomes prominent when a positively charged
site (metal cation or protonated site) is localized at the surface of H-bond networks
formed by 20 water molecules. % 1t would be, therefore, reasonable to assume that the
3250 cm™ band is a marker of highly polarized H-bond networks to stabilize the excess
charge on the water surface at this size range. The mass and IR spectral features of
TMA-H'-(H,0), in this study show that the excess proton of TMA-H"-(H,0), is located
at the TMA moiety even in large sizes (n = ~20) and the H-bond network is arranged to
have a large dipole moment to stabilize the neighboring excess proton. Here we note
on an alternative interpretation. If the excess proton is transferred to the water moiety
but TMA is directly bound to the produced hydronium ion as a proton acceptor, the

hydronium ion effectively behaves as a 2-coordinated site in the water network, and the
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absence of the magic number behavior is reasonably explained. The formation of the
highly polarized water network is concluded also in this interpretation.

Finally we comment on some important implications of the present results.
This H-bond network morphology of TMA-H'-(H,0), which is arranged to have large
dipole moment in the water moiety, seems to be similar to that of the dipole-bound

water cluster anions (H,0),". 16, 81 ¢

is interesting that the IR spectra of
TMA-H'-(H,0),y and (H,0) 5, which has been reported by Hammer ez al., *' are
similar to each other in the H-bonded OH region and both of them show the remarkable
band at 3250 cm™. Though the 3250 cm™ band in (H,0) ™ has been assigned to the OH
stretches of the special water site which directly contacts with the excess electron, the
present results suggest alternative possibility that a highly polarized water network
shows a similar band.

Another implication is on the “titration” of the magic number cluster
H'(H,0),, with TMA, which has been reported by Wei ef al. * They have reported mass
spectrometry of (TMA),-H"-(H,0),, to count the number of the dangling OH bond on
the surface of H'(H,0),,, that is useful information to determine the excess proton

location. As a result, they have observed the drastic reduction of the production yield of

(TMA),-H"-(H,0),; at n = 11 and they have concluded that the magic number cluster
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H'(H,0), has 10 dangling OH bonds and therefore the H;O" ion core is located at the
center of the cage. However, they have discussed under the assumption that the excess
proton is localized on the water moiety and the mixing of TMA does not change the
H-bond network of the magic number cluster. In their experiment, the mixed cluster was
formed by the ionization of the co-expansion of TMA and water (similar to the present
study) and not by the pick-up techniques. °* Therefore, the present study demonstrates
the possibility that the water H-bond network probed by the previous titration
experiment is different from that in the H'(H,0),; magic number cluster because of the
localization of the excess proton at the TMA moiety. The very recent mass
spectrometric study on (tert-butanol),,-H -(H,0), (m + n = 21) mixed clusters has
indicated that there is only 9 dangling OH bonds in the magic number cluster and
suggested the H'TMA ion core formation in the titration experiment.”® The present
study well-explains this inconsistency between the previous experiments on the

dangling OH bond number determination.

IV. Summary
In this work, we studied size-dependent development of the H-bond network structures

of TMA-H"-(H,0), in the size range of n =1 - 22. The detailed structures of the clusters
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and the temperature dependence of the isomer population were discussed up to n = 6.
For TMA-H'-(H,0), (n = 1-22), no evidence of the proton transfer to the water moiety
was found and the excess proton is considered to be always localized at the TMA
moiety. The observed IR spectra of TMA-H -(H,0), are different from those of
H'(H,0), and (H,0),. Thus the H-bond network structures of TMA-H -(H,0), are
neutral but are under the strong influence of the excess proton. Moreover, the H-bond
networks are arranged to have large dipole moment at the water moiety to stabilize the
excess proton localized at the TMA moiety. This morphology of the water networks is
different both from H'(H,0), and (H,0),, but is similar to dipole-bound (H,0),". The
H-bond network structures of TMA-H'-(H,0), (n = 1-3) have chain or tree type
networks. The single and double ring type networks begin to appear at n = 4 and 6,
respectively. The single ring type networks become dominant in n» = 5, while dominance
of the double ring type with minor contribution of the single ring type is demonstrated
in n = 6. The excess proton would not be transferred to the water moiety even in larger
size (n ~ 20), and the excess proton still causes prominent alignment of the H-bond
networks. Some implications of the present results were commented on the relation to
IR spectroscopy of water anion clusters and the titration experiments of the magic

number cluster of protonated water.
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Figure 1 Infrared (IR) spectra of (a) TMA-H'-(H,0), and (b) H'(H,0), in the free
OH stretch region. Bands at 3640 and 3740 cm™ (labeled by the green dotted lines) are
vi and vj; vibrations of a single acceptor (A) water site in a H-bond chain. Bands at
3715 cm™ (labeled by the blue dotted line) and 3695 cm” (red dotted line) are attributed
to dangling OH stretches of two-coordinated (AD) and three-coordinated (AAD) water

sites, respectively.
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Figure 2 IR spectra of TMA-H'-(H,0), (n = 1-10). The spectra were obtained by

monitoring the TMA-H'-(H,0),.; fragment while scanning the IR wavelength.
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Figure 3 Comparison among the observed IR spectra of TMA-H'-(H,0), (n=1
— 3) and their simulated IR spectra based on the optimized stable structures. All the
calculations were performed at the ®B97xD/6-311+G(2d,p) level. In the simulation,
the scaling factor of 0.9394 is applied to the calculated harmonic frequencies. For n =
3, the relative energies between the isomers are also shown. The Cartesian coordinates

of the stable structures are provided in ESI.
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Figure 4  Temperature dependecne of the isomer populations of » = 4. Each curve
shows the total sum of the relative population weights of isomers of the same
morphology group. All the calculations were performed at the ®B97xD/6-311+G(2d,p)

level with the harmonic approximation.
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Figure 5 Temperature dependence of the IR spectral simulations of n = 4 by the
Q-HSA. The isomer populations are based on those represented in Figure 4. In the
simulation, the scaling factor of 0.9394 is applied to the calculated harmonic

frequencies.
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Figure 6 Sstructures of the global minimum isomers of TMA-H'-(H,0), (n = 4 —

6) with those of the most populated isomer in each morphology type at 200 K. Numbers

in parentheses are energy relative to the global minimum in each size and population

weight at 200 K. The Cartesian coordinates of the stable structures are provided in

ESIL
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Figure 7 Temperature dependecne of the isomer populations of n = 5. Each

curve shows the total sum of the relative population weights of isomers of the same
morphology group. All the calculations were performed at the ®B97xD/6-311+G(2d,p)

level with the harmonic approximation.
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Figure 8

Q-HSA. The isomer populations are based on those represented in Figure 7.
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Temperature dependence of the IR spectral simulations of n = 5 by the

In the

simulation, the scaling factor of 0.9394 is applied to the calculated harmonic

frequencies.
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Figure 9 Temperature dependecne of the isomer populations of n = 6. Each

curve shows the total sum of the relative population weights of isomers of the same
morphology group. All the calculations were performed at the ®B97xD/6-311+G(2d,p)

level with the harmonic approximation.
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Figure 10 Temperature dependence of the IR spectral simulations of » = 6 by the
Q-HSA. The isomer populations are based on those represented in Figure 9. In the

simulation, the scaling factor of 0.9394 is applied to the calculated harmonic

frequencies.
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Figure 11 (a) Estimated dipole moment of the water moiety versus relative energy of
the stable structures for TMA-H'-(H,0), (n = 1 — 6). Averaged dipole moment has
increased from 1.28 (n = 1), 2.386 (n =2) to ~3.0 & (n = 3). At sizees n =4 to n = 6, most
isomers have ~4.0 § regardless their stability. Definition of 6 can be found in the main
text. (b) Dependence of the magnitudes of dipole on their morphology for n = 6. A

complete set of results for n =4 to n =6 can be found in ESI.
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Figure 12 Mass spectrum of H'(H,0), and TMA-H'-(H,0), produced by
co-expansion of the TMA/H,0O/Ar mixture and discharge. The magic number appears at

n =21 of H' (H,0),.
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Figure 13 Observed IR spectra of (a) TMA-H -(H,0), and (b) H'(H,0), (n =

20-22) in the free OH stretch region.
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Figure 14 Observed IR spectra of TMA-H'-(H,0), (n = 10,15,18,20, and 21) and

H'(H,0), (n =21).
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