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Herein we report the synthesis and structural characteriza-
tion of a derivative of the molecular cluster [NH,Cl],. The N
and Cl atoms in this compound are located at alternating cor-
ners of a slightly distorted cube in the crystal phase and are
bound together through N-H---Cl bridges. This structure is in
good agreement with quantum chemical calculations carried

out for the [NH,Cl], tetramer. ESI mass spectra recorded for
the compound dissolved in different solvents indicate that
the cluster is stable in relatively apolar solvents such as
CH,Cl,.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Nucleation is a key step in many laboratory and natural
events and is, for example, important for the understanding
of atmospheric processes such as the formation of tropo-
sphere aerosols.['l Sulfate, nitrate, ammonium, sodium, and
chloride account for 25-50% of the dry fine particle mass
in the atmosphere.”l NHj; levels in the lower troposphere
are above 10 ppt. The partial pressure of HCI in the plane-
tary boundary layer, which originates for example from coal
combustion and waste incineration, from sea-salt particles
due to reaction of other acidic compounds with them, from
volcanoes, and from the oxidation of methyl chloride in the
atmosphere, frequently exceeds 1 ppb.I¥! A knowledge of nu-
cleation particle formation and their growth from these
small molecules is therefore of great importance for the un-
derstanding of atmospheric chemistry. The formation of
these particles is usually assumed to take place in the pres-
ence of water vapour, and there is still great debate as to
whether or not formation of NH4Cl particles in the gas
phase could take place under dry conditions. The formation
of NH4CI clusters from NH; and HCI in the gas phase has
been studied in many theoretical and experimental
works.[**! For example, [(NH,CI),NH,]* ions have been de-
tected by thermospray mass spectrometry.[7] Clusters with
n = 3, 6, and 13 dominate the spectra, thereby indicating
the existence of magic cluster numbers, although other clus-
ter sizes were also detected. The occurrence of magic cluster
numbers was explained by analogy to NaCl clusters, for
which theoretical calculations have revealed differences in
the energy for removal of one NaCl ion pair from the clus-
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ters.®] Later theoretical studies on [NH,CI], have predicted
clusters with an even number of ion pairs to be more stable
than those with an odd number (the only exception being n
= 9) and have found an especially high stabilization for n =
4151

NH4CI is a well known salt that crystallizes in a CsClI-
type lattice. New structures emerge if one H atom is re-
placed by an alkyl group, hence layers of Cl ions are
interleaved with layers of methylammonium ions in
CH;NH;CLP! The structures of some alkyldiammonium di-
chlorides of the general formula [H;N(CH,),NH;]Cl, (n =
2, 5 and 7) are displayed in Figure 1.['%'2 These structures
all possess infinitely extended networks where no discrete
electroneutral molecular units can be found.

Y

Figure 1. Sections of the crystal structures of [H;N(CH,),NH3]Cl,
compounds [z = 2 (a), 5 (b), and 7 (c)].
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Chemists can help to understand the structures of am-
monium chloride clusters by synthesizing and structurally
characterizing derivatives with bulky ligands that prevent
the formation of higher aggregates. This is a widely used
approach for the stabilization of cluster compounds, and it
will be shown herein to work also for ammonium chloride
clusters.

Results and Discussion

The compound which will be discussed in the following
is  N,N-bis(3-amino-3,3-diallylpropyl)-4-methylbenzolsul-
fonamide dihydrochloride (1).
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Its synthesis has been reported previously and requires
several steps from tosylated diethanolamine.['3! This com-
pound is a precursor to 2,2,8,8-substituted bicyclic guani-
dines which are used in our laboratory as ligands for group
13 (B and Ga) and group 10 (Ni and Pt) complexes.['¥]
Crystals suitable for X-ray diffraction were grown from eth-
anol. The X-ray structure analysis shows the presence of
dimeric units. Figure 2 illustrates one of these units, which
features a distorted cube at its center. The N and Cl atoms
at alternating corners of this cube are connected through
N-H-Cl hydrogen bonds. Each Cl" anion interacts with
three H atoms, and the H atoms of the next dimeric unit are
more than 280 pm away from the CI™ anions. The CI1---N2,
Cl1---N3, and CIl1---N2’ distances are 318.1(4), 317.5(2),
and 312.9(2) pm, respectively, and are therefore in good
agreement with the closest Cl:-*N separation in solid
CH;NH;CI [318.0(5) pm].!

Figure 2. Crystal structure of (1),.
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The central unit can be compared with the tetramer
[NH4Cl]4 (2). Quantum chemical calculations using second-
order Meller—Plesset perturbation theory (MP2) were car-
ried out for this cluster and the resulting structure is illus-
trated in Figure 3. In good agreement with the X-ray dif-
fraction results for derivative (1),, the N and CI atoms in 2
are located at the corners of a slightly distorted cube, which
leads to an overall T,; symmetry. The N---Cl separations are
309.1 pm and are thus slightly shorter than the distances
found in dimeric 1 and in solid CH3;NH;CL®! The N-H
bond lengths between N and the H atoms not engaged in
hydrogen bonding are calculated to be 101.2 pm, while the
other N-H bond Iengths are significantly longer
(104.2 pm). The shortest Cl---H distance is 207.1 pm.

¢

Figure 3. Calculated minimum structure of 2.

The Raman spectrum of CH3;NH;Cl in its a-phase
(which is the stable phase at room temperature) shows the
symmetric (a;) and asymmetric NH3* stretching (¢) modes
at 2980 and 3086 cm™! and the symmetric and asymmetric
NH; bending modes at 1556 and 1530 cm ™!, respectively.[!3]
These positions can be compared with those found and cal-
culated for dimeric 1 and 2. Figure 4 shows the Raman
spectra of 1 in the crystalline solid state, where it contains
only dimeric units, and in H,O and MeOH solution, where
it should be present as the monomer. No signal appears
above 3200 cm™!, which argues for a significant red-shift of
the N-H stretches caused by the NH---Cl bonding. The sig-
nals at 1642/1602 cm™! most likely belong to the v(C=C)
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Figure 4. Raman spectra of 1 excited at 514 nm in the regions
around 3000 (C-H and N-H stretching region) and 1500 cm™!
(NH; and CH, deformation as well as C=C stretching region) mea-
sured a) in the crystalline solid state, b) dissolved in H-O, and c)
in MeOH.
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rather than 6(NH3) modes. At least three (smaller) signals
(at 1461, 1344, and 1254 cm™) in the region around
1500 cm ! are visible in the spectrum of the crystalline sam-
ple but are absent from the solution spectra. These signals
are therefore tentatively assigned to 8(NH3) modes.

To obtain more information we determined vibrational
wavenumbers for a [DNH;Cl], tetramer in which the four
H atoms of 2 that are not bound to the CI" anions are
replaced by D to minimize mode coupling by MP2 calcula-
tions. Modes at 3114 (a;), 3040 (e), 3040 (¢,) and 3154, and
3094 cm™! (2,) can be assigned to the N-H stretching of
[DNH;CI]4, and modes at 1580 (a;), 1703, 1303 (e), 1671,
1301 (#;) and 1697, 1556, and 1316 cm™' (#,) belong to NH;
bending (see Supporting Information for a complete list of
wavenumbers of [NH4Cl]; and [DNH;Cl],). Of these, the 7
modes are Raman- and IR-inactive. The positions of the
Raman-active modes are included in Figure 4 (neglecting
intensities, which were not calculated). It can be concluded
that the measured spectrum of dimeric 1 gives evidence for
signals in the regions where the modes of [DNH;Cl], are
predicted to appear. A detailed analysis of the experimental
spectrum is, however, difficult due to the number of dif-
ferent modes which fall into the two regions and would cer-
tainly require isotopic labelling experiments. These experi-
ments are beyond the scope of this paper.

Finally, we recorded the ESI* spectra of 1 dissolved in
MeOH and CH,Cl,.[' The solubility of 1 in CH,Cl, is so
low that only very weak signals were detected in the Raman
spectra. Nevertheless, the ESI™ spectra show signals of suf-
ficient intensity. Surprisingly, relatively strong features with
baseline signals at m/z 999.4906 and 1516.7208, which can
be assigned to the cations [(1), — CI]* and [(1); — CI]* (calcu-
lated baseline signals at m/z values of 999.4899 and
1516.7196; see Figure 5 for the isotopic pattern and a simu-
lation), were detected. No signal assignable to a monomeric
species such as [1 — CI]* or [1 — Cl — HCI]* was visible in
the spectra. The ESI* spectra recorded for 1 dissolved in
MeOH look completely different. Thus, a group of signals
with the baseline signal at m/z 446.2838, which can be as-
signed to the cation [1 — Cl — HCI]" (calculated baseline
signal at m/z 446.2836), dominates the spectrum. Signals
indicating the presence of trimeric units are just visible but
are extremely weak (with the signals due to the trimer being
even larger than those of the dimer). Thus, the ESI* results
indicate that dimeric and even trimeric units are present in
CH,Cl, solutions, whereas solutions in the more polar sol-
vent MeOH contain almost exclusively monomeric units.
DFT (BP86) calculations were carried out to see if the di-
meric units observed in solid 1 are stable in the gas phase
and to obtain information on the likely structures of an
individual molecule of 1 and of [1 — 2CI]**. The calculated
minimum structures are displayed in Figure 6, where it can
be seen that the structure of the dimer resembles the struc-
ture measured in the crystalline phase. These calculations
therefore predict the dimer to be stable in the gas phase. In
the structure calculated for the monomer the two CI™ anions
are engaged in hydrogen bonding to both ammonium
groups and the geometry is not much different from that of
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the dimer. As anticipated, removal of the Cl™ anions brings
about a significant conformational change. The dimeriza-
tion energy of 1 due to formation of N—H---Cl interactions
is calculated to be 136 kJmol .
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Figure 5. EST* mass spectra recorded for 1 dissolved in CH,Cl, in
the regions around m/z 990 and 1519, and simulation of the iso-
topic patterns expected for [(1), — CI]* and [(1); — CI]*.

e
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Figure 6. Calculated (BP68/SVP) structures of monomeric and di-
meric 1 as well as [1 — 2CIJ**.

Conclusions

In summary, we have synthesized and structurally char-
acterized a derivative of the tetrameric cluster [NH4Cl],,
which is one of the species that might be formed in the
course of the nucleation process by which NH,Cl is formed
from HCI and NHj; in the gas phase. Our results might help
to understand this fundamental process. The ESI* mass
spectra indicate that dimeric and trimeric units are stable in
CH,Cl, solution, while a methanol solution contains al-
most exclusively monomers.

Experimental Section

The synthesis of 1 was carried out as described in the literature.!3]
'H NMR (400 MHz, CDCl;): 6 = 1.98 (m, 4 H, H1), 2.28 (m, 8
H, H2), 2.42 (s, 3 H, H3), 3.69 (m, 4 H, H4), 5.23-5.31 (dd, 2J =
17.6, 3J = 13.8 Hz, 8 H, H5), 5.70-5.80 (m, 4 H, H6), 7.26 (d, >/
= 8.0 Hz, 2 H, H7), 7.63 (d, 3/ = 8.0 Hz, 2 H, H8), 8.36 (br. s, 6
H, H9) ppm. *C NMR (100 MHz, CDCls): § = 21.5 (C3), 34.5
(C1), 39.7 (C2), 40.8 (C4), 59.2 (C10), 122.3 (C5), 126.8 (C8), 129.3
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(C6), 129.8 (C7), 138.2 (C11), 143.4 ppm (C12). The assignment of
the signals in the '3C NMR spectrum is based on 'J-CH correlation
in HSQC experiments.

Crystals of 1 were grown from an ethanol solution. Suitable crystals
were taken directly out of the mother liquor, immersed in perfluori-
nated polyether oil, and fixed on top of a glass capillary. Intensity
data were collected on a Nonius-Kappa CCD diffractometer fitted
with low-temperature unit using graphite-monochromated Mo-K,
radiation. The temperature was set to 200 K. The data collected
were processed using the standard Nonius software.['”! All calcula-
tions were performed using the SHELXT-PLUS software package.
Structures were solved by direct methods with the SHELXS-97
program and refined with the SHELXL-97 program.!'3:1] Graphi-
cal handling of the structural data during solution and refinement
was performed with XPMA.% Atomic coordinates and aniso-
tropic thermal parameters of non-hydrogen atoms were refined by
full-matrix least-squares calculations (Tables 1 and 2).

Table 1. Selected bond lengths [pm] and angles [°] for (1), as deter-
mined by X-ray diffraction.

Cl1---N2 318.1(4) N2---CI2 315.1Q2)
CI2--N3 318.6(1) N3---Cll 317.5(2)
N2--Cl1’ 312.9(1) N2-H2a 89
N2-H2b 89 N2-H2c 89
H2a---CI2 230.8 H2b---ClI 229.8
H2c-CIl’ 236.2 N3-C10 151.1(3)
C10-C9 153.4(3) C9-C8 153.4(3)
C8-NI1 148.1(3) N1-S1 163.24(19)
S1-01 143.10(16) S1-02 142.85(16)
N1-C17 147.7(3) C17-C18 153.2(3)
C18-C19 153.8(3) C19-N2 150.3(3)
C19-C20 153.8(3) C19-C23 154.0(3)
C20-C21 148.7(4) C23-C24 149.7(3)
C21-C22 130.6(4) C24-C25 131.2(4)
N2---Cl1--*N3 79.20(5) N2:-CI2:N3  79.48(5)
Cl1+*N2---CI2 100.72(6) Cl1+N3--CI2  100.12(6)
Cl1-N2--CIl"  92.92(5) N2-H2a--CI2 158.0
N2-H2b--Cl1 172.7 N2-H2c¢+Cl1’ 144.3
CCDC-670181 contains the supplementary crystallographic

data for compound 1. These data can be obtained free of
charge from The Cambridge Crystallographic Data Center via
www.ccde.cam.ac.uk/data_request/cif.

EST* mass spectra were recorded with a 9.4 T Bruker ApexQe Qh-
ICR hybrid instrument (Bruker Daltonik GmbH, Bremen, Ger-
many) with an Apollo II MTP ion source (ESI" to MALDI switch-
able) in positive-ion electrospray ionization (ESI) mode. Sample
solutions in methanol or dichloromethane at concentrations of
104-10 M were admitted to the ESI interface by means of a sy-
ringe pump at 5 uLmin~! and sprayed at 4.5 kV (desolvation gas
flow of 2.00 Lmin! at 220°C, and nebulizer gas flow of
1.00 Lmin! for the methanolic solution). In dichloromethane, the
sample was injected with a syringe pump at a rate of 10-
15 uLmin !, the desolvation gas flow was 1.50 Lmin ' at 170 °C,
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Table 2. Crystal data and refinement details of 1.

Formula C25H41C12N30zs
M, [gmol ] 518.57

Crystal size [mm)] 0.50%0.30x0.20
Crystal system monoclinic
Space group C2/c

a [pm] 2779.7(6)

b [pm] 1549.5(3)

¢ [pm] 1342.1(3)

L] 98.86(3)

V [pm?] 5.712(2)-10°
Pcalcd. [g Cm73] 1.206

zZ 8

F(000) 2224

hkl range -35-36, =20, =17
0 range [°] 1.51-27.47

4 [mm] 0.326

Tmax! Trnin 0.889/0.937
Measured reflections 12847

Unique reflections (ri,,) 6530 (0.0538)
Observed reflections [/ > 20(/)] 4182

Refined parameters/restraints 301/0
Goodness-of-fit 1.023

Ry [I > 26(])] 0.0493

wR2 (all data) ) 0.1256

Residual electron density [e A 0.615/-0.320

and the nebulizer gas flow was 0.70 Lmin~!. The mass spectra were
acquired in the broadband mode with 1 million data points. Typi-
cally, about eight transients for the methanolic solution and 24
transients for the dichloromethane solution were accumulated for
one magnitude spectrum. External mass calibration was performed
with [arginine, + H]" cluster ions prior to analysis to achieve a
mass accuracy of 1 ppm. The instrument was controlled by Bruker
ApexControl 2.0.0 software and data analysis was performed using
the Bruker DataAnalysis 3.4 software.

A Horiba Jobin Yvon T64000 spectrometer was used for the Ra-
man measurements. The Raman spectra were excited with the 514-
nm line of an Ar* ion laser operating at 300 mW. The samples were
sealed in glass tubes and measured through a microscope. IR spec-
tra (KBr disks) were recorded with a BIORAD Excalibur FTS 3000
spectrometer and NMR spectra were measured with a Bruker Av-
ance 11 400 spectrometer.

Details of the Quantum Chemical Calculations: The MP2 calcula-
tions on 2 were carried out with the TURBOMOLE program/*!l
using the approximate resolution of the identity®* to speed up the
calculations. This approach decomposes the four index integrals
into a sum over products of three index quantities, one index of
which refers to the auxiliary basis. Hence, to transform the integrals
into the molecular orbital basis the transformation has to be per-
formed only on a smaller set of three index quantities. The def2-
TZVPP basis set was used® along with the appropriate auxiliary
TZVPP basis set for the resolution of the identity approxi-
mation.[** Vibrational frequencies were obtained by numerical dif-
ferentiation of analytically calculated gradients (NumForce tool).

DFT calculations on dimeric and monomeric 1 as well as
[1 - 2CI]>* were carried out using the BP86 functional®! (BP is the
short notation for Becke—Perdew and is a gradient-corrected DFT
method employing the Becke exchange and Perdew correlation
functionals) and the def2-SVP basis set.[?3] Vibrational frequencies
were then obtained by analytical differentiation.

Supporting Information (see also the footnote on the first page of
this article): a) Calculated vibrational frequencies of [NH4Cl]4 and
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[DNH;Cl]4. b) IR spectrum of solid 1 (Csl disk). ¢) Calculated
coordinates and energies of monomeric and dimeric 1 as well as
[1 - 2CIP*.
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