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The structure and properties of diethanolamine complexes of copper(ll) triflates dissolved in excess of diethanolamine

(DH,) were studied. The copper containing substance was found to be a solution of copper(ll) complex salt
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[Cu”*DH,(DH7)]OTf in LTTM composition [(DH,)sH'1(OTf ), where LTTM = low-transition-temperature mixture, OTf = trifate

anion. According to the EXAFS data, coordination number of copper(ll) atoms in solution does not exceed 4. Addition of

even negligible amounts of acid significantly changes DH, volatility and decomposition conditions.

Introduction

lonic liquids (ILs) are intensively studied due to variety and
specificity of their properties opening wide perspectives of
their application. Beginning from 20037, deep eutectic
solvents (DES)Z_5 are used as well. DES are more
convenient than ILs: they are cheaper and easier in
production, their properties being very close to those of
ILs. Later a special group of solvents, low-transition-
temperature mixtures (LTTMs)G, was introduced. These
solvents have no eutectic point and that is why differ from
DES.

Recently, a new group of ionic liquids, MetlLs" (ionic
liquid with metal coordination cation) with transition metal
ions as coordination centers and aminoalcohols as ligands,
was suggested. MetlLs are very attractive for application in
molecular magnetsu_u, galvanoplasticsl‘r’_17 and for
production of novel electric accumulators™®. They have two
advantages: low price and high metal concentration which
cannot be obtained in solutions of salts™2°.

Earlier it was shown?! that diethanolamine (DH,) and
copper ions form complexes [CuDH2]2+ at pH 6.0-6.4, but at
pH 7.2—11.0 the OH groups are deprotonated, and that is
why [CuDH,DH]" cations or neutral [Cu(DH),] complexes
are formed with increasing pH.

Tauler and co-workers? found that in the pH range 3—
12 only mononuclear complexes with the chelating
diethanolamine ligands are formed in aqueous solutions.
However, binuclear Cu(ll) complexes were obtained and
their crystal structures solved” ™. In these complexes, the
deprotonated hydroxyl groups form bridges between
copper atoms. The earlier data on Cu(ll) complex formation
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with diethanolamine are summarized in a review.

There are a lot of interesting findings7_10 related with
synthesis, structure and properties of MetlLs with a general
formula MA, - 6L, where M = Fe(lll), Cu(ll), Mn(ll), Zn(ll), A
= CFsS0; = OTf (triflate anion), N(SO,CFs), = NTf,
(bis(trifluoromethylsulfonyl)imide), CH3(CH2)CH(C2H5)COO>
= EHN (2-ethylhexanoate ion), L = DH, or EH
(ethanolamine). All the obtained MetlLs are considered to
be individual coordination compounds rather than
solutions of transition metal salts or their complexes in
excess of IigandHO. In all MetlLs coordination number of
metal atom is 6.

Crystals of [CuDH,DH]OTf were isolated from MetlLs of
the composition Cu(OTf)(EHN) - 6DH,. Their crystal
structure was solved and it appeared that®: (1) only two
DH, of six are in the inner coordination sphere of Cu atom;
(2) both DH, are chelating ligands forming coordination
bonds via the N and O atoms; (3) one of the hydroxyl
groups bound to Cu atom is deprotonated. It should be
noted that deprotonation of the hydroxyl groups in the
presence of amines usually yields metal alcoholatesn_zs;
ethanolamine forms alcoholates under the same conditions
as alcohols® and can form alcoholates even without
addition of secondary and tertiary amines, yielding the
ammonium tautomer”. And the last (4) but not least: Cu(ll)
coordination number is 4 + 2, what is typical of Cu(ll)
cations. Based on the above mentioned crystal structure, a
hypothesis that Cu(OTf)(EHN) - 6DH, and Cu(OTf), - 6DH,
can be solutions of Cu(ll) complex salt in DES or LTTM must
not be excluded. This hypothesis is tested in the present
work.

The only problem not considered in 7719 s ocalization
of the hydroxyl group proton splitted out due to complex
formation. A concept of “proton wires” or “proton pumps”
is widely developed in the modern biology. This concept
mainly considers migration of protons via the chains of
water molecules with formation of oxonium ions, although
special attention is also paid to ammonium cations and
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hydrogen bonds formed between them and N-heterocycles
or amino groups31_34. A model of the proton transport via
the chain of ammonia molecules® considers a block
H;N...H"...NH; as the central unit. This block has been found
in crystalline state®® and is analogous to the well-studied
stable ion HsO," in which a proton is coordinated by two
oxygen atoms®®. Crystal structures of more complex
aggregates of ammonium cations and ammonia molecules
with short and strong hydrogen bonds are also known®’

The enthalpy of reaction in gaseous phase
NH4"(NH3), + NH3 = NH, (NH3)o.0

is ~ 17 kcal/mol for n = 0, slightly lower than 17 kcal/mol
for n =1 and ~ 15 kcal/mol for n = 2.8

According to % 3 proton can bind to the O atoms of
hydroxyl groups in the presence of super acids. Under such
conditions®, protons form a dynamical system composed
of O—H o-bonds and O...H hydrogen bonds, o-bonds and
hydrogen bonds can interchange places; this is equal to a
rapid migration of charge of the super acid proton between
all the ligands. A similar dynamical system is supposed to
exist at the super- acidic proton addition to primary and
secondary amines, because the electron affinity of
ammonia and amines is higher than that of water, alcohols
and ethers®. Volatility of ligands is decreased in the
presence of onium salts, and this is one of the key
properties of Cu(OTf), - 6DH, and DES.

The structures of metal complexes in crystals and
liquids can be different, that is why we have studied
coordination numbers of metal atoms in Cu(OTf), - 6DH,
compared with some other compounds (see Table 1) by
EXAFS and also investigated the properties of DH,—HOTf
system.

Experimental section
Materials and Reagents

Reagents used in the present research HN[(CH,),0OH],
(99%, Acros), H,N(CH,)sOH (97%, Aldrich), H,N(CH,),OH
(99%, Sigma-Aldrich), Cu,(OH),CO; (95%, Aldrich),
Fe(NO3);-9H,0 (98%, Sigma-Aldrich), FeCl;:6H,0 (97%,
Sigma-Aldrich), CF3SOsH (99%, Acros) were taken without
further purification.

Synthesis

The samples investigated in this research are listed in Table
1 with their designations and chemical formulae. These
compositions were synthesized in two stages. In the first
stage, Cu(ll) triflate® and Fe(lll) triflate** were prepared by
the known methods.

In the second stage, the final compositions were
obtained by mixing the corresponding metal triflate and
aminoalcohol. Full details are given in the Supplementary
Materials.

2 | Dalton Trans., 2015, 00, 1-3
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Table 1. The list of investigated samples.

Designation Chemical composition
Cu(OTf),-6EH Cu(CF3S03),-6H,N(CH,),0H
Cu(OTf),6HH Cu(CF3S03),-6HN(CH,)sOH
Fe(OTf)s-6HH Fe(CF3S03)3-6HN(CH,)OH

Fe(OTf);-6DH, Fe(CF3S03);-6HN((CH,);0H);

CU(OTf)zGDHz CU(CF3SO3)2GHN((CHz)on)z

Analytical methods

Differential thermal analysis — Thermogravimetry — Mass-
spectrometry (DTA-TG-MS). Simultaneous
thermogravimetry and analysis of the decomposition
products by mass spectrometry were performed using a
Netzsch STA-409 PC/PG analyzer, heating rate of 5 °C/min,
argon stream 40 |/min.

Differential scanning calorimetry (DSC). Samples were
analyzed using a Netzsch DSC-204 F1 analyzer in a high
purity nitrogen flow 40 ml/min with the standard
aluminum cells, temperature range 130-60 °C, heating and
cooling rates 5 °C/min with temperature detection error
0.1°.

Infrared spectroscopy. The FTIR spectra in the wave
number range of 500-4000 cm~! were recorded using the
Perkin-ElImer SPECTRUM ONE FTIR spectrometer.

MALDI mass spectra were recorded using a Bruker
Autoflex Il MALDI-TOF MS. The spectrometer (FWHM
resolution 18000) had a nitrogen laser with wavelength
337 nm and a time of flight mass analyzer operating in the
reflection mode. Samples were applied on a polished
stainless steel substrate. The spectrum was recorded in the
positive ion mode. The resulting spectrum was the sum of
300 spectra obtained at different points of a specimen.
Anthracene (Acros, 99%) served as a matrix.

EXAFS spectroscopy for local structure analysis

Local structure of liquids was studied by EXAFS
spectroscopy within the energy range about X-ray
absorption K-edge of metal atoms in composition of the
investigated substances. The modern theoretical and
practical basics of this method can be found, for example,
in a book by Fetisov43, Chapter 5. More detailed description
of structural analysis by XAFS methods including the
detailed instruction is given by G. Bunker in the Manual
Guide.*

The X-ray absorption spectra around K-edges of the
metals present in the investigated liquids have been
recorded in the transmission mode on the X-ray beam line
“The Structural Materials Science”* (bending magnet
source, “Siberia-2” storage ring at Kurchatov Synchrotron
Radiation Source (KSRS), Moscow, Russia) equipped with a

This journal is © The Royal Society of Chemistry 20xx
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Si(111) channel-cut monochromator having energy
resolution AE/E ~ 2x107*. The ring was operating at 2.5
GeV with the electron currents decaying from 45 to 35 mA.
The size of the SR beam at the sample location was 1
mm(V) x 2 mm(H). EXAFS spectra were recorded in
transmission mode using ionization chambers filled with
air. The ionization current of the chambers was measured
with Keithley 6487 picoampermeters. We used three
ionization chambers: two of them measured the intensity
of the primary (/y) and transmitted through the sample (/;)
radiation beams. The sample was located between these
ionization chambers on the path of the primary beam. The
third chamber measured the intensity (/) of the SR beam
passing through the reference sample which was used for
absolute calibration of photon energy. The foil made of
metal in the composition of investigated liquid served as
the reference.

The absorption spectra of the samples were recorded
step-by-step within energy interval from -170 to +800 eV
relative the K-edge of absorbing metal atoms. The
reference elements in our EXAFS experiments were Fe and
Cu having K-edges of 7112.0 and 8979.0 eV, respectively.

In order to optimize the measurement procedure, the
specified data collection interval was divided into three
segments: the pre-edge region (from -170 to -20 eV), the
near-edge segment (-20 =+ 80 eV), and EXAFS oscillations
area (80 + 800 eV). In the first segment the data were
measured with steps of 10 eV, the step was ~ 0.5 eV in
near-edge region, and the last segment was scanned with
equidistant step 0.05 A on a scale of k — photoelectron
momentum. The measurement exposure time T in EXAFS
area increased depending on point number n quadratically
as (T :a-n2+c), to compensate for decrease in the EXAFS
oscillation amplitude with increasing energy. The constants
a and c of this expression were chosen so that the initial
exposure for 2 sec at the end of the segment increased to 8
sec. Thus, each spectrum was measured for ca. 30 min.

The objects investigated by EXAFS. The list of samples
studied by EXAFS is presented in Table 1. Studies on
Fe(OTf);:6HH and Fe(OTf);-6DH, are auxiliary and that is
why the results are presented in Supplementary Materials.
The samples of liquids for EXAFS measurements were
prepared in two ways. In the first case, a drop of liquid
deposited on an ashless paper filter. This filter was folded
in several layers (2-6) to get the absorption jump value
A(ud) close to unity. In the second case, self-sustaining film
was formed due to surface tension in the hole made in
substrate foil (aluminum). The magnitude A(ud) of the
absorption jump in this case was controlled by selecting
the thickness of foil. Due to low vapor pressure of IL, DES
or LTTM, drying and noticeable change in the film thickness
of the sample during the measurement period was not
observed.

EXAFS data analysis. Processing of EXAFS data was
performed using IFEFFIT*®Y package, version 1.2.11c. The

This journal is © The Royal Society of Chemistry 20xx

data were first processed by ATHENA program of this
package to fit and subtract their complex background, to
normalize the absorption spectrum by unity jump and then
to separate the oscillating part of the spectrum — an X-ray
absorption fine structure (XAFS). The fine structure
extracted in such a way was used for further structural
analysis.

The parameters of the local structure of liquid around
the resonantly absorbing (reference) atom were
determined and refined by fitting the theoretical EXAFS
spectrum calculated for selected hypothetical model of the
structure to experimental one. This refinement was carried
out by ARTEMIS program, version 0.08.014 from the
IFEFFIT package and conducted in direct space R, using the
phase and amplitude of electron scattering calculated with
aid of FEFF 8.20.19 program.

Depending on the spectrum complexity, calculations
were carried out either in approximation of one
coordination sphere and single scattering of electrons, or
by using two or three coordination spheres.

Such a modeling allows refinement of distance from the
absorbing atom to the nearest neighbors R;; the root—
mean—square deviation in bond distances between atom
pairs ojz accounting for thermal vibration and statical local
disorder®; the central atom coordination numbers N,
relative to the nearest neighbors. The threshold energy Eq
of the photoelectron impulses relative to the K absorption
edge was also refined. The amplitude reduction factor 502
present in the main EXAFS equation was set to 0.8 so that
to exclude its correlation effect on the defined
coordination numbers.

Results and discussion
Results of structural analysis by EXAFS

Choise of the 502 coefficient value. The value and
oscillation mode of EXAFS signal are dependent on the
scattering ways of photoelectron ejected at the X-quantum
absorption and on the types of atoms surrounding the
resonantly absorbing central metal atom, that is local
structure of the studied sample. However, along with
photoelectron energy loss at the cost of scattering on
atoms of coordination environment, additional energy loss
on excitation of all the system of electrons of the studied
sample (multielectron excitation) is also possible. By now a
complete theory accounting for this effect is absent, that is
why an empirical coefficient 502 also named as passive
electron decrease in EXAFS signal has been included to the
main EXAFS equation by Rehr and Albers®. This coefficient
serves for quantitative fitting of the theoretically calculated
EXAFS amplitudes to experimental ones. The role and
physical sense of the 502 coefficient was widely
discussed.**

Choice of the value of 502 coefficient is very important
for structural analysis using EXAFS. The “proper” So2 value
was considered in details by Campbell et al'. It was
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concluded that the effect of multielectron excitations
caused by a photoelectron in the course of EXAFS is
negligible, the most probable 502 value is 0.9 with possible
deviations of several percents. It was also calculated that
the 502 value depends only slightly on the electron’s energy
and scattering pathway, that is, it is almost equal for all the
pathways of electron scattering and all EXAFS spectra. J.
Rehr, one of elaborators of analysis of EXAFS spectra,
considers® ™ that in the absence of adequate theory
describing the 502 coefficient, it should be approximated by
a constant 0.9 + 0.1 (see also
http://millennia.cars.aps.anl.gov/pipermail/ifeffit/2002-
October/000155.html).

Due to a correlation coefficient between 502 and
coordination numbers N; in the EXAFS equation being
almost equal to one, it is impossible to determine N, value
properly, if the 502 value is unknown. It should be noted
that the amplitude reduction coefficient value practically
does not have any effect on statistical characteristics of
fitting and the radii of coordination spheres (Table 2, R and
R) but significantly changes N; values.

In order to justify the choice of 502 value, we used its
refinement in EXAFS IL model with the known and fixed
coordination numbers, namely, Fel IL sample — 1-butyl-3-
methylimidazolium tetrachloroferrate(lll)
(C4HgNC3H3NCH3)[FeCl,]. The EXAFS spectrum of this IL is
well approximated by a simple model of single scattering
with one coordination sphere consisting of exactly four Cl
atoms. The refinement data for the basic sample at various
fixed 502 values are given in Table 2. As can be seen,
coordination number N = 4 for Fe atoms is attained at 502 ~

Dalton Transactions
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0.8 and at the higher N values 502 appears to be
significantly underestimated.

Refinement of the model at the fixed N = 4 gave 502 =
0.8 + 0.08. That is why for other studied samples we used
502 = 0.8 in model refinement and N; determination.

EXAFS of Cu(CF3S03),-6H,N(CH,),0H, and
Cu(CF3S0;),-6HN(CH,)sOH. These studies helped to
understand formation of complexes of copper atoms in
solutions of aminoalcohols. As the local structure model for
Cu(OTf),'6EH and Cu(OTf),:6HH samples was complicated
beginning from the one sphere model, the best
correspondence with the experimental EXAFS data
characterized by statistical R¢ criterion was attained using
three coordination spheres containing N and C atoms as
shown in Table 3. Supposing 502 = 0.8 and a model with
three coordination spheres, coordination number of amino
groups around Cu atom is between 3.0 and 4.0 for both
samples, but somewhat larger for Cu(OTf),6EH sample; in
this case coordination mode with two chelate
metallocycles consisting of five atoms and providing
coordination number 4 can be expected. In the case of
Cu(OTf),-6HH sample, chelating is less probable due to the
ligand length, and amino alcohol molecules seem to be
monodentate ligands with the N-donating atoms, because
affinity of Cu atoms to the amino groups is higher than to
the hydroxyl groups.

According to Table 3, coordination number of copper
atom in Cu(OTf),-6EH and Cu(OTf),-6HH samples does not
exceed 4, but co-existence of complexes with three and
four-coordinated copper atoms cannot be ruled out.

Table 2. EXAFS model parameters versus the amplitude reduction factor S,” fora sample with the known coordination

number of chlorine atoms (Ng) in the metal atom environment.”

Sample 502 Eg, eV Scattering path Nee R, A ?, A2x107? Ry, %
Fel 1.0 3.1+£1.2 Fe-Cl 3.2+0.31 2.204 £0.005 3.3£0.6 1.75
Fel 0.9 3.1+£1.2 Fe-Cl 3.5+0.34 2.204 £0.005 3.3£0.6 1.75
Fel 0.8 3.1+1.2 Fe-Cl 4.0+0.4 2.204 £0.005 3.3£0.6 1.75
Fel 0.8 +0.08 3.1+1.2 Fe-Cl 4.0 2.204 +£0.005 3.3+£0.6 1.75

" Calculations were performed using the rectangle window weighting functions (Fig. 1) of width 2.000-14.000 A~ and 1.000—
2.450 A in the impulse k space and direct R space, respectively. Parameters fixed at fitting are given in semi-bold. The EXAFS
spectrum of basic sample was obtained at the same station by the same method and treated by the same procedure as the
spectra of all samples studied in this work. That is why we used the S,” coefficient obtained for the basic sample for
approximation of the amplitude reduction factor for all the studied samples.

4 | Dalton Trans., 2015, 00, 1-3
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Table 3. The local structure parameters of samples with Cu cation

(i)

Sample, model Scattering pathway N, R, A o2, A2x10-3 Ry, %
Cu(OTf),'6EH, Cu—(N/O) 3.6 £ 0.34 2.014 + 0.006 4.8 £ 0.8 2.0
3 spheres Cu-C1 1.35+0.6 2.78+ 0.03
Cu—C2 1.46£0.7 2.971+0.04
Cu(OTf),'6HH, Cu—(N/O) 3.3+0.3 2.025 +0.007 4.8+ 0.8 2.17
3 spheres Cu-C1 1.3+0.6 2.98 £0.04
Cu—-C2 0.9+0.5 2.73+£0.04

(i) Calculations were performed at approximation ofthe amplitude reduction factor by So” constant = 0.8 with the rectangle
window weighting functions (Fig. 1) 2.000-14.000 A" and 1.0-3.0Ain wuzjth in impulse k and direct R spaces, respectively.
For nitrogen and carbon atoms in the considered coordination spheres, o” factors are supposed to be equal.

(a)
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Fig. 1. Fitting of EXAFS spectrum of Fel IL
(C4HgNC3H3NCH;)[FeCl,] by a single-sphere model with N = 4
and single photoelectron scattering via Fe—Cl pathway in (a)
metrical R and (b) wave k spaces. Weighting functions are
depicted in green, SOZ being 0.8 + 0.08.

EXAFS of Cu(CF3;S03),-6HN((CH,),0H),.

Metallocycles were found® in the crystal structure of
[Cu{NH(CH,CH,0H),{NH(CH,CH,0H)(CH,CH,0}]CF3;S0O; =
[CuDH,DH]OTH{. It is pertinent to remind that coordination
polyhedron of Cu atom in these crystals is tetragonal
bipyramide with coordination number 4 + 2 typical of
copper complexes.

However, our results indicate that coordination number
of Cu atom in liquid preparation Cu(OTf), - 6DEA is not
more than 4 (Table 4). Taking into account the above

This journal is © The Royal Society of Chemistry 20xx

mentioned data, hereafter we shall use a formula
[Cu”"DH,(DH)][(DH,),H"](OTf ), instead of Cu(OTf), - 6DH,.

Volatility of DEA and its mixtures

DH, as an individual compound was subjected to
thermogravimetry with the simultaneous measurement of
the mass spectra of exit vapors and gases. Many DH,
fragments including water vapor are evolved in the range
200-250°C (Fig. 2), indicating not only DH, decomposition
but possibly its condensation reaction. The latter reaction
can yield a number of products including dimers N,N,N-
tris(hydroxyethyl)-ethylendiamine and N,N-
bis(hydroxyethyl)piperazine detected at DH, heating to
250°C.”

Mass

100 |

B0
= ap
g

40 <

20 4

04

0 100 200 300 a0 500 800

Fig. 2. TGA curve of individual DH, and the simultaneously
recorded mass spectra of exit vapors and gases.

Mass spectra indicate that DH, does not vaporize (Fig.
2). Thus, various reactions proceed in the course of TGA,
and this means that method of study has a fatal effect on
the studied system and its results should not be used for
conclusion about non-volatility of DH, in MetlLs.

DH, was unambiguously detected when
[Cu®*DH,(DH)][(DH,),H] (OTf ), preparation was studied
by MALDI spectrometry (Supplementary Materials, Fig. S3);
this possibly came from laser knocking of DEA molecules
without heating of substance.

Dalton Trans., 2015, 00, 1-3 | 5
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To study the proton effect on the properties of
[Cu®'DH,(DH)][(DH,),H" (OTf),, we prepared and studied
additional preparations, the first of them being [DH;]OTf_.
Amine alcohols form crystalline ammonium salts with
strong acids. DSC curves presented in Fig. 3(a) indicate that
[DH5']OTF is a typical ionic liquid.

For comparison, DSC curve of DH, is presented in Fig.
S4 (Supplementary Materials). Both DSC curves (Figs. S4

Dalton Transactions
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and 3(a)) do not exclude possible formation of eutectic in a
pseudobinary system [DH3+]OTf-—DH2 (DES formation).

Usually DES consist of ammonium salts and H-bond
acceptors in molar ratio 1:2, that is why we prepared the
second additional preparation [(DH2)3H+]OTf_ to check
possible formation of eutectic.

Table 4. The local structure pargmeters of samples containing DH, ligand. Calculations performed for Sy’ =0.8, fitting in the

range k=2-12 A7, R=1.2-3.2 A

Sample S Scattering pathway R, A o2, A2 x10° R, %
Cu(OTf),-6DH; 0.8 Cu-(N/O) +0. 1.99+0.01 11+15 5.1
Cu-C +1.8 2.84+0.03 2.0+7.0 )
Fig. 3. DSC curves of additional preparations: a) [DH;"]OTf
) heating; b) [(DH,);H']OTf cooling; c) [(DH,);H']OTf heating.
DEC fmiimg) DSC heating and cooling curves of this preparation are
02 TEXD presented in Figs. 4(b) and (c), respectively. In the absence
04 of exothermic extremum of cold crystallization, the
. Sre -SETT Jig endothermic extremum on heating curve of the cooled

Onzet: -85 °C
-0 T
-0.2

-0.3 Onset: -309 °C
Area: 46.49 Uiy
-0.4

50  -40 3 20 -0 0 10 20 30 40
Temperature 190

DSC Amiiing) Glazs Transition:
015 Texo Onzet: -85.1°C

’ fdlick: -791°C

Inflection: -78.5°C
040 Defta Cp* 009 JigH)
0.05
0.oa
-00s
-110 -100 -an -a0 -70 -E0 -50 -40
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-0.08 Area: 002772 )i
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010 S
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-013
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preparation can be interpreted as transfer from the glassy
state of the mixture to plastic one, which is typical of
amorphous systems. Thus, we failed to detect eutectic and
thus assign [DH;"]OTf —DH, system to DES.

The studied system differs in acidic residue from the
most existing DES. Chloride ions surrounded by envelope of
H-bond donor molecules are typically used in DES, whereas
in [DH3+]OTf_—DH2 system acidic residue belongs to a super
acid and thus is a very weak base, which hardly forms
hydrogen bonds and does not need in the isolating
envelope because of a weak interaction with a proton. In
[DH,']OTf —DH, system, proton can localize on the N or O
atoms of DH, molecules, but N atoms are preferential,
because proton affinity of N atoms in amine molecules is
higher than that of O atoms in alcohol molecules.®

Accounting for the aforesaid, [(DH,);H"]OTf preparation
should be assigned to low-transition-temperature mixtures®
(LTTMs) rather than to DES. We studied the third additional
preparation, [(DH2)4H+]OTf>, because
[Cu”*DH,(DH )][(DH,),H'1(OTf ),  preparation can be
presented as a solution of crystalline phase
[Cu”*DH,(DH )]OTf in liquid phase [(DH,),H"1OTf .

The IR spectrum of the latter preparation shown in Fig.
4 surprisingly coincides with IR spectrum of Cu(OTf), -
6DEA’ (see Fig. S1b).

In the absence of copper atoms in (DH,),H'OTf
preparation, shifts of the IR bands should be rationalized by
protonation of the amine and hydroxyl groups of DEA.

Thermogravimetric study of this preparation combined
with mass spectroscopy showed that DEA does not
vaporize, but in contrast to DH,, (DH,);H OTf decomposes
in two stages (Figs. 5 and S5 of Supplementary Materials):
about 280°C only water vapor is evolved; this fact indicates

This journal is © The Royal Society of Chemistry 20xx
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that DH, molecules condense without decomposition, and
various DH, fragments are evolved at 410°C.

So, protonation of DH, amine and possibly hydroxyl
groups results in a noticeable change in the pathway of DH,
condensation and decomposition in (DH2)4H+OTf_ as
compared with pure DH, (possibly due to acidic catalysis).
Decomposition temperature 410°C at atmospheric pressure
corresponds with decomposition temperature of many ILs
including DH;"OTf . Mass loss of (DH,),H'OTf preparation
at heating to 360°C (Fig. 5) corresponds with a loss of three
DH, mole fractions of four.

The DH, condensation products seem to vaporize
without decomposition, because they contain less atom
groups able to form H-bonds. This can compensate for
vaporization temperature increase inevitable on molecular
mass increase and that is why DH, condensation products
can vaporize without decomposition in contrast to DH,.

100 1
‘ (DH2)sH"OTf
8 c
c 80 7
GB -
E -
£ 3
5 ]
p—
~ 60 7
£ g
40 1
3500 3000 2500 2000
Wavenumber (cm-1)

Fig. 4. IR spectrum of (DH2)4H+OTf_ preparation compared with
that of DH,.
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Fig. 5. TGA curve of (DH2)4H+OTf_ preparation and the
simultaneously recorded mass spectra of exit vapors and gases.

[Cu®'DH,(DH )][(DH,),H"1(OTf ), preparation was subjected
to TGA and mass spectroscopy (Fig. 6). As can be seen,
there are three waves of DH, decomposition products
release including water vapor in the absence of DH,
vaporization. Three waves of decomposition possibly
indicate existence of three different kinds of DH, molecules

This journal is © The Royal Society of Chemistry 20xx

Paper

in [Cu™DH,(DH )] [(DH,),H"1(OTf),  preparation:
coordinated to Cu®" ions, protonated and non-bound ones.
Analogous to Fig. 5, the first wave water vapor (not
decomposition products) release at ~230°C, can be assigned
to condensation of protonated DH, molecules. The second
wave of water vapor release (320°C) can be considered as a
result of condensation of DH, molecules coordinated to
Cu(ll) ions, because no water vapor was detected in other
preparations at 320°C. Condensation reaction at this
temperature can be catalyzed by Cu(ll) ions®®. Both
condensation waves are not accompanied by release of
products of DH, thermolysis. At last, a distinct third wave
(410°C) of decomposition products release corresponds
with thermolysis of IL [DH3+]OTf_ marked in Fig. 5.
Comparing the properties of DES and LTTM with those
of (DH2)4H+OTf_ preparation, let us note their similarity and
difference. Analogous to DES*” or LTTM®, (DHZ)4H+OTf_ has
the decreased volatility and increased thermal stability.
Similar to DES, it is immiscible with aprotic liquids (e.g.,
(DH,),H'OTf is immiscible with acetonitrile). However,
(DH,),H'OTf does not have eutectic (the presence of
eutectic is a basic property of DES) and that is why should
be assigned to LTTM. Nonetheless, thermal decomposition
of (DHZ)4H+OTf_ (Fig. 5) indicates that non-protonated DH,
molecules are absent in this preparation. In the opposite
case, we would observe at least partial decomposition of
DH, similar to that depicted in Fig. 2. Besides this, the IR
spectrum of (DH2)4H+OTf_ preparation indicates that not
only amino groups but also hydroxyl groups of DH, are
protonated. Thermochemicalss_sg, acoustic® and
dielectric®® studies of mixtures of amines and alcohols
demonstrated that H-bonds of N:-H-O-R type between
amine and alcohol molecules are formed in these mixtures.

100+

Fig.6. TGA curve of [Cu®*DH,(DH )][(DH,),H*](OTf ), preparation
and the simultaneously recorded mass spectra of exit vapors
and gases.

H-bonds are also formed between the strongly polarized
N—H bonds of ammonium ions®® and the oxygen atoms of
hydroxyl group563'64. In (DH2)4H+OTf_ preparation containing
both ammonium ions and hydroxyl groups, multiple H-

bonds exist in the presence of a super acid®® 39; these H-

Dalton Trans., 2015, 00, 1-3 | 7
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bonds can join hydroxyl and amine groups of DH, with
mobile positive charges (but not protons themselves) via
the soliton mechanism (Fig. 7). Such possibility is supported
by arguments given in 3 8% This mechanism provides
mobility of positive charges at the relative immobility of H
nuclei over the entire volume of preparation via exchange
of o-bonds and hydrogen bonds: O—H...N¢<>0...H-N. Due to
this exchange, in (DH2)4H+OTf_ preparation there is no
separation for DH3+ ammonium ions (corresponding with
H,N*[(CH,),0H],) and DH, molecules, necessary for
existence of eutectic, but there works a mechanism of
mutual transformation of DH;" ions and DH, molecules.

Thus, the properties of (DH2)4H+OTf_ preparation are
similar to those of LTTM.

N\ P

R R R R

Fig. 7. Scheme of proton charge transfer via the soliton
mechanism.

Such solvents deserve particular attention as media for

electrochemical processes: scrap utilization, electrolysis,
66—69

electropolishing and separation of metals and also in
flow accumulators’™°.

Conclusions

The studied copper preparation,

[Cu”*DH,(DH )][(DH,)4H'1(OTf ),, is a solution of complex
salt [Cu®’DH,(DH)]OTf in LTTM with composition
[(DH,),H"]OTf . Coordination number of metal atoms in
[Cu2+DH2(DH7)]OTf7 of this solution does not exceed 4, but
that in Fe(OTf); - 6DH, preparation is equal to 6 (See
Supplementary Materials); this means that the structural
distinction between two preparations similar in
composition requires further investigation.

Volatility and decomposition of DH, change noticeably
on addition of even small amount of acid, and this can be
rationalized by the soliton mechanism of positive charge
transfer over all the volume of DH,, giving rise to
integration of all DH, molecules into a collective cation. DH,

8 | Dalton Trans., 2015, 00, 1-3
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vaporization also depends on addition of metal salts:
addition of iron(lll) triflate causes vaporization of DH,
remaining after DH, condensation reaction in the range
300-400°C (see Supplementary Materials), however, in the
presence of copper(ll) triflate DH, does not vaporize but
decomposes, although not in the same manner as pure DH,
does.
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