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1. Abstract

Liquid phase hydrogenation of nitriles is an important method for the production of
primary amines, which find a variety of applications as intermediates in chemical and
pharmaceutical industry. Raney-Co or supported Cobalt catalysts are frequently used
due to the relatively high selectivity to primary amines. However, selectivities in ex-
cess of 95% can only be achieved, when ammonia is used as solvent. Thereby,
thermodynamic control of the reaction is achieved as condensation reactions, where
ammonia is released, are suppressed. However, liquid ammonia is difficult to handle
and it is highly interesting to avoid, or at least to minimise, the addition of ammonia.
This requires kinetic control of the reaction by optimizing catalyst properties and
process conditions.

Keywords: Multi-phase reaction, Trickle-bed reactor, Hydrogenation, Cobalt catalyst,
Nitrile

2. Introduction

Primary amines are often used as feedstock in the production of, e.g., of fibres for tex-
tiles and surface-active compounds. One important industrial process for their
manufacture is the hydrogenation of the corresponding nitriles over transition metal
catalysts, | which is usually accompanied by the formation of secondary and tertiary
amines as undesired by-products.” However, in certain applications even very small
quantities of the by-products result in poor quality of the final product.®* Understand-
ing the development of by-products from a mechanistic point of view is considered as
an essential prerequisite for further optimization of catalysts and consequently higher
selectivity. Already in 1923 it was suggested that the side reactions proceed via reac-
tive aldimine intermediates * and ever since numerous mechanistic discussions were
based on von Braun’s proposal.”” As direct observation of the aldimine had not been
reported ° other possible surface intermediates, such as carbenes and nitrenes, were
included in the discussion.® "
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A widely used class of catalysts are skeletal Raney catalysts based on Co or Ni.'
Compared to other transition metals (e.g. Ni and Ru) Co is known to exhibit the high-
est selectivity to primary amines but generally provides relatively low activity.'* A
present study in our group aims at establishing structure-selectivity correlations for
Raney-Co'>"” with the aim to generate information on how to enhance the selectivity
on highly active hydrogenation catalysts.

For studying the sorption of hydrogen containing molecules on metal surfaces Inelas-
tic Neutron Scattering (INS) has proven to be a useful tool.''® As the cross-section
of hydrogen is 10-100 times larger than that of all other elements'®, INS is particu-
larly sensitive for vibrations involving hydrogen atoms during the sorption of
hydrogen and nitriles on Raney catalysts.'* ****

In this work, special emphasis was given to the identification of the surface interme-
diates formed during the hydrogenation of nitriles over a Raney-Co catalyst to unravel
the elementary steps on the metal surface. The co-adsorption of acetonitrile-d;
(CD3CN) and hydrogen on Raney-Co was investigated as a model reaction. The
choice of this model is based on the idea that during the hydrogenation of the CN tri-
ple bond the C-H vibrations of the resulting intermediates and the product will be
much more pronounced in the INS spectrum compared to the C-D vibrations of the
reactant. Thus, a better differentiation between the reactant and surface intermediates
will be obtained.

3. Experimental

3.1. Materials

Raney-Co 2700 catalyst (Grace Davison division of W.R. Grace and Co.) was re-
ceived as an aqueous suspension. The chemical composition was: 1.85 wt% Al; 97.51
wt% Co; 0.3 wt% Fe and 0.34 wt% Ni. It was washed with de-ionized water under
nitrogen atmosphere until the pH of the washing water was ~ 7. Due to its sensitivity
to oxygen, the catalyst was stored and handled under inert atmospheres throughout all
further steps. The remaining water was removed by drying in partial vacuum (p < 1
kPa) for 30 h at 323 K. CD;CN (Deutero GmbH), CH3CN (Fluka) and acetaldehyde
(Riedel-de Haén) with a purity of 99.5% each were used as received. Deuterium la-
belled n-ethylamine (CD;CH,NH,) was obtained by hydrogenation of CD3;CN over
Raney-Co 2700.

3.2. Catalyst characterization

H,-chemisorption and N»-physisorption (BET) were measured on a Sorptomatic 1990
instrument (ThermoFinnigan). For both measurements the catalyst sample (~ 1g) was
outgassed for 6 h at 473 K (p < 1 mPa). The BET measurement was conducted at 77
K. Hy-chemisorption was carried out at 308 K with an equilibrating time of 2 — 180
min for each pressure step. Equilibration was continued until the pressure deviation
was <0.27 mbar within of a 2-min period. Isotherms were measured twice on the
sample. Between the two measurements, the sample was evacuated to 10~ mbar for
1h. The second isotherm (physisorbed H;) was subtracted from the first isotherm
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(chemisorbed and physisorbed H;). The amount of hydrogen adsorbed was deter-
mined by extrapolating the linear part of the difference isotherm (p > 6.5 kPa) to zero
pressure. The number of accessible metal atoms was calculated assuming that one hy-
drogen atom was adsorbed per cobalt atom. By assuming a transversal section of 6.5
A? per cobalt atom, the metal surface area was determined from the amount of chemi-
sorbed hydrogen.

The adsorption of gaseous CD3;CN on Raney-Co was investigated on a Setaram TG-
DSC 111 thermoanalyzer. Before the measurement the catalyst sample (~ 24 mg) was
outgassed for 6 h at 473 K (p < 0.1 mPa). Adsorption of CD3;CN was carried out at
308 K using pressure pulses of 0.02 — 2.5 mbar up to ~ 11 mbar. The weight increase
and the corresponding heat flux were recorded for each pulse.

The hydrogenation of CD3;CN was conducted in a stirred tank reactor (160 cm?; Parr
Instrument Comp.) at constant hydrogen pressure by re-supplying hydrogen con-
sumed during the reaction. Raney-Co catalyst (1 g) was suspended in the reaction
mixture composed of CD;CN (40 cm?®) and hexane (40 cm?) under inert atmosphere.
Hexane was used both as solvent and as internal standard for GC chromatography.
The suspension was filled into the autoclave under a flow of nitrogen. After closing,
the reactor was pressurized and depressurized five times with nitrogen to remove
oxygen. The reaction mixture was heated to the reaction temperature (383 K). The
reaction was started by rapidly pressurizing the reactor with hydrogen to 45 bar and
subsequently starting the stirrer (1500 rpm). Samples for off-line NMR and GC
analysis were periodically withdrawn through a dip-tube with a filter for solids. GC
analysis was carried out on an HP Gas Chromatograph 5890 equipped with a cross
linked 5% diphenyl-95% dimethylpolysiloxane column (Rtx-5 Amine, 30 m, Restek
GmbH). "H NMR and *H NMR measurements were carried out on a Bruker DPX-400
(400 MHz) instrument with CDsCl as solvent containing 1 vol.-% trimethylsilane as
standard. The selectivity was calculated as the ratio of the product yield to the amount
of CD;CN converted.

Inelastic neutron scattering measurements (INS) were performed on 3-axis spectrome-
ter IN1 at the Institut Laue-Langevin (Grenoble, France) using a Beryllium filter-
analyser (BeF) and a Cu (220) monochromator, which allows INS spectra to be re-
corded in the energy transfer range 213 — 2500 cm™ using neutrons from the hot
source. IN1-BeF is optimized for the phonon density-of-states measurements, studies
of molecular dynamics and atomic bonding in hydrogen-containing matter, materials
and compounds. **

The samples of the pre-dried Raney-Co catalyst (each ~ 45 g) were transferred to cy-
lindrical aluminum containers (height: 7.5 cm; diameter: 2.3 cm) under inert
atmosphere. Subsequently, the samples were activated in vacuum (p < 1 mPa) at 473
K for 6 h. The amount of CD;CN added in liquid form was calculated with respect to
two boundary conditions. To assure that only CD;CN or reaction intermediates,
which are adsorbed on the catalyst, contribute to the signal, excess CD3CN is in the
sample container has to be avoided. On the other hand, to obtain sufficient signal in-
tensity it is necessary use the maximum possible amount of CD;CN in the INS cell.
Thus, to estimate the maximum amount of CD3CN, which can be adsorbed on the sur-
face of the Raney-Co catalyst the adsorption of CD3;CN was followed by
thermogravimetry and calorimetry. The maximum uptake was ~ 0.30 mole-
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cules/Cogyrface. For adsorption of ethylamine-d; (CD3;CH,NH;) the same molar load-
ing as for CD;CN was used.

Four sample containers filled with CD3;CN were equilibrated with hydrogen to obtain
a ratio of 0.5, 1.0, 1.5 and 2.0 mole/mOICD3CN. The amount of CD3;CN and of hydro-

gen added to the samples is summarized in Table 1. After sealing, the aluminum
containers were heated to 333 K for 10 h to ensure even distribution of the adsorbate
and to start the reaction of CD3;CN with hydrogen.

For the INS experiments, the sample containers were inserted in the cryostat and
cooled to 10 K. The spectra were recorded in the energy range 213 — 2070 cm™ with a
resolution of 16 cm™, 8 cm™ and 32 cm™ at energy transfers between 213 — 760 cm’',
760 — 1745 cm™ and 1745 -2070 cm', respectively. In order to test the reproducibility
of the sample preparation procedure and INS measurements, the same experiments
were carried out in two different measurement cycles. The results from the two cycles
showed good agreement.

Tab. 1: Amounts of catalyst, CD;CN, CD;CH,NH, and hydrogen filled into the sample cells for INS measure-
ment.

Sample Amount of | Amount of CD;CN Amount of hydrogen
catalyst [g] | /CD;CH,NH, [mmol] | [mmol]

Raney-Co 45.42 - -

Raney-Co + H, 38.94 - 10.36

Raney-Co + CD;CN 44.98 8.80 -

Raney-Co + CD3CN + 0.5 eq. H, | 45.23 8.85 4.43

Raney-Co + CDsCN + 1.5 eq. H, | 45.27 8.86 13.29

Raney-Co + CD;CN + 2.0 eq. H, | 44.70 8.75 17.50

Raney-Co + CD3;CH,NH, 45.80 8.96 -

The vibrational frequencies of the characteristic groups were calculated after optimiz-
ing the structure of the different molecules with respect to the total energy using
density functional theory (DFT) as implemented in GAUSSIAN 03.%* The B3LYP
hybrid functional and a 6-31G** basis set were applied. The displacement vectors
calculated for each vibrational mode were used to derive the INS-spectra with the
program a-CLIMAX?>?® and the vibrational modes were visualized and assigned with
Molview 3.0.

4. Results and discussion

4.1. Adsorption of H, and CDsCN on Raney-Co

Though Raney-Co is almost 100% pure cobalt under the conditions applied both re-
versibly (physisorbed) and irreversibly bound (chemisorbed) hydrogen were observed
in H, chemisorption measurement is shown (Fig. 1). Assuming a stoichiometry of 2 H
atoms per Co atom for physisorption and 1 H atom per Co atom for chemisorption the
overall number of surface metal atoms adsorbing H, was determined to be 0.46
mmol-gcy ', the number of metal atoms physisorbing and chemisorbing H, was 0.10
mmol-gc, ' and 0.36 mmol-gea ', respectively. Hence, physisorption took place on
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approximately 22% of the overall number of surface metal atoms. Assuming a trans-
versal section of 6.5 A? for Co, the metal surface area was calculated to 18.7 m* gcq !
based on the overall number of accessible metal atoms. The BET area obtained by N,
physisorption was 29.1 m* g,
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Fig.1: H, chemisorption data for Raney-Co (T = 308 K). (<) after outgassing for 6 h at T =473 K, ( ) after sub-
sequent evacuation at T = 308 K (p < 1 mPa for 1 h), (e) difference of (<) and ( ). The amount adsorbed is
obtained by extrapolating the linear part (p = 6 kPa — 13 kPa) of the respective curve to zero pressure.

Insight into the relative number and strength of different sorption sites was obtained
by adsorption of CD3CN. The sorption isotherm and the heat of adsorption as a func-
tion of the coverage (molecules of CD3CN per surface atom of cobalt chemisorbing
hydrogen [molecule/Cogyface]) are shown in Fig. 2 and Fig. 3, respectively. The cov-
erage significantly increased at low pressures. The value was quantified by the fitting
procedure described below. The differential heat of adsorption was high (200 — 215
kJ'mol'l) at low uptake (< 0.08 molecules/Cosyrace) and showed a sharp decrease
reaching an almost constant value of 57 — 65 kJ-mol™ at higher coverage. The re-
markably high heat of adsorption at low coverage can be attributed to the adsorption
of CD;CN on sites that strongly interact with the sorbate. Possibly, defect sites were
present in small concentrations. At higher coverage sites, which exhibit weaker inter-
action with the sorbate resulted in lower heat of adsorption.

— 0.30

o
N
3

Coverage [molec./Co gyface

1.2

p* - 102

Fig.2: Sorption isotherm CD;CN on Raney-Co at 308 K. (®) Experimental data and fitted curves with (-----) K
and 9%, (- —-) K; and 9, ( ) sum of both fitted curves. p* is the partial pressure of CD;CN normalized to

standard conditions (i.e. p* = p/p°).
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Fig. 3: Differential heat of adsorption of CD;CN on Raney-Co from calorimetry at 308 K.

The isotherm in Fig. 2 was described by a dual-site Langmuir model in order to verify
the assumption of two different adsorption sites. Therefore, the data was fitted with
the following equation:*’

p*
sat
q= Jz;q 1+K oK p* Equ. |

in which K; is the thermodynamic equilibrium constant for the sorption process on the
site |, qjat denotes the maximum sorption capacity on site j (molecules/metal atom)

and p* is the partial pressure of CD3;CN normalized to standard conditions (p* =
p/p®). The contributions of the individual sorption processes are included in Table 2

The equilibrium constant of the sorption process 1 indicates a much stronger heat of
adoption than for sorption process 2. In agreement with the sharp decrease in the heat
of adsorption measured at a coverage of the sites involved in the sorption process 1 is

also ¢;* ~0.1 molec/Co. Note that a fraction of ~ 30% of the overall number of sites

is composed of strong sites (Sorption process 1). The sum of the saturation values of
the two steps indicates that the overall saturation value approached ~ 0.3 mole-
cules/Cosyrface-

Tab. 2: Dual site Langmuir model for fitting the experimental sorption isotherm of CD;CN on Raney-Co.

Sorption | Q j’at Kj AHadsX('l 1)

kJ-mol
process [mOIQC-/COSurface] [ ]
1 9.62 x 10 3.94 x 10* | 200 -215
2 22.23 x 107 2.73x 10> | 57-65

4.2. H/D exchange and selectivity in the hydrogenation of CD;CN

In INS, motions involving H atoms exhibit high signal intensity, thus the use of D ex-
changed acetonitrile and gaseous H, will allow identify the H atoms added in the
hydrogenation reaction especially in partially hydrogenated species on the catalyst
surface. A low background was achieved by using a fully deuterated test molecule
(CDsCN). However, this approach is appropriate only, if exchange between H atoms
reacting with the nitrile group and D atoms from the methyl group can be excluded.
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Therefore, hydrogenation of CD3CN over Raney-Co was carried out in the liquid
phase and analyzed off-line by 'H and “H NMR spectroscopy to investigate the in-
tramolecular distribution of H and D atoms. The focus here will be on examination of
the H/D exchange with respect to the applicability in the INS experiments. A detailed
discussion of the underlying mechanism will be presented in a parallel study.
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Fig. 4: Concentration profile for the hydrogenation of CD;CN over Raney-Co at 383 K, p =45 bar and co(CD;CN)
=9.52 mol-dm™. (<>) CDsCN, (O) Ethylamine, (A) N-ethylidene-ethylamine, () Di-ethylamine.

A concentration profile of the reaction derived from GC analysis is shown in Fig. 4.
The main product of the hydrogenation reaction was ethylamine-d;, which was
formed with a selectivity of ~ 90%. From the beginning of the reaction ethylamine
and the intermediate N-ethylidene-ethylamine were found in the reaction mixture,
which suggests that both are primary products. Only after most of CD3;CN (~ 90%)
had been converted, the intermediate was further hydrogenated to the secondary
product di-ethylamine. The selectivity obtained in the experiment was considered suf-
ficient to prepare CD;CH,NH,, which was used as a reference substance for INS
measurements, by this procedure.

'H NMR and *H NMR spectra of the final product mixture are shown in Fig. 5. The
main product was CD;CH,NH, (peaks at 1.02 and 2.74 ppm in '"H NMR and at 1.10
in ’H NMR). Peaks with low intensity at 2.63 and at 2.74 ppm in “H NMR correspond
to (CD;CHD),NH and CD;CHDNHj,, respectively. Thus, only little H/D exchange
occurred (during the hydrogenation of CD3;CN of 0.83% the deuterons were found in
products other than CD3;CH,;NH;). With respect to the INS measurements, it can, thus,
be stated that the signals obtained can be attributed to hydrogen atoms, which reacted
with the CN triple bond and not to hydrogen, which exchanged with deuterons in the
CD3 group.



8 Peter Scharringer et al.

*
*
TH NMR CD,CH,NH,
CD,CH,NH,
~
\
(CD,CH,),NH
CD,CHDNH
HNMR - [|°57
(CD,CHD),NH
CD,CH,NH,
CD,CH=NCH,CD,
CD3CH=II\ICHZCD3\) K
3.5 3.0 2.5 2.0 15 1.0

Fig. 5: NMR spectra of the product mixture of the hydrogenation of CD;CN. * = Hexane.

4.3. Hydrogen adsorption on Raney-Co studied by INS

INS spectra of activated Raney-Co and of hydrogen adsorbed on Raney-Co were
taken to evaluate contributions from the background. The results are presented in Fig.
6. The assignment of the hydrogen vibrations observed in the present work follow the
detailed DFT analysis of the INS spectra of hydrogen adsorbed on Raney-Co reported
previously *. In both spectra, scattering contributions of hydrogen gave rise to a
broad peak between 600 and 1100 cm™ centred at around 850 to 900 cm™. For the
sample with activated Raney-Co, this suggests that some hydrogen could not be re-
moved by the preparation procedure despite outgassing in high vacuum and at high
temperature over several hours.
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Fig. 6: INS spectrum of activated Raney-Co and INS spectrum of hydrogen adsorbed on Raney-Co after subtrac-
tion of the spectrum of Raney-Co. The amount of hydrogen admitted was calculated based on a stoichiometry of
one hydrogen atom per surface metal atom as determined by H, chemisorption.

Tab. 3: Vibrational frequencies and assignment of hydrogen adsorbed on Raney-Co.

vins® | vins’ | vins® | Coord. mode | Plane | Symmetry | Vibration®®®

278 | 278 250 | ¢ 101 | Dy, Co4-H sym stretch
536 [ 504 |573 | v’ 001 |Gy Cos-H antisym stretch
632 | 648 1637 | v’ 101 | G, Cos-H antisym stretch
777 1777 1782 | v’ 101 | G, Co,-H asym stretch
890 [ 866 |894 |n’ 001 |Gy Co,-H antisym stretch
1020 | 1020 | 1100 | v’ 001 |G, Cos-H sym stretch

- >1600 | 1660 | 's - - Co-H stretch

®This work (activated Raney-Co). °This work (activated Raney-Co after addition of hydrogen). ‘Ref .
Ref ». *Ref . "Probably hydrogen on some 1-fold sites. However, the DFT calculations of single
bound hydrogen on 101 and 001 planes yields a peak at 1800 — 1860 cm™.

The band positions of residual hydrogen on activated Raney-Co and on Raney-Co
loaded with extra hydrogen were in principle be the same. This suggests that strongly
bound hydrogen was present, which withstood the rather severe activation conditions.
The contributions in this region with strongly bound hydrogen can be attributed to
hydrogen on 1’ sites (Tab. 3). Addition of hydrogen led to an increase in the scatter-
ing contributions over the whole range, especially in the range up to 1200 cm™. The
distinct peak centred at 504 cm™ results most likely from hydrogen adsorbed on 1’
sites with C;, symmetry in the 001 plane. Upon addition of hydrogen small scattering
contributions above 1500 cm™ occurred probably due to some hydrogen adsorbed on
o sites. However, the signal was relatively small compared to multiply bound hydro-
gen.

4.4. Co-adsorption of CD3;CN and hydrogen on Raney-Co

To explore the structure and sorption properties of partially hydrogenated (intermediate-) spe-
cies during the reaction between acetonitrile and hydrogen, a series of INS spectra of CD;CN
in presence of different amounts of hydrogen were measured. The INS spectra of CD;CN,
CD;CN with 0.5, 1.5 and 2.0 equivalents of hydrogen and CD;CH,NH, adsorbed on activated
Raney-Co are presented in Fig. 7.
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Fig. 7: INS spectra of different amounts of hydrogen co-adsorbed with CD;CN (loading 0.18 molecules per sur-
face metal atom) on activated Raney-Co. The amount of hydrogen was calculated based on a ratio of H,/CD;CN of
0.5, 1.5 and 2.0, respectively. For comparison the spectra of CD;CN and CD;CH,NH, adsorbed on activated Ra-
ney-Co are also given. The spectrum of activated Raney-Co has been subtracted from all the spectra shown.

In Table 4 experimental INS and IR frequencies for CH;CN and CD;CN from litera-
ture are compared to calculated vibrational modes from this work to verify the DFT
data. From gas phase IR data and INS on solid CH3CN it can be seen that slight de-
viations in the vibrational modes obtained with the two different techniques were
obtained. INS data resulting from DFT calculations compared to gas phase IR data
show a similar difference for CD;CN. Thus, calculations are in good agreement with
literature data reported by Friend et al.’® The peaks with the highest intensity were
assigned to the C-C-N bending mode at 354 cm™, the C-C stretching mode at 842 cm®
!'and the CH; symmetric bending mode at 1138 cm™.

Tab. 4: Vibrational frequencies of CH;CN and CD3;CN. Experimental data from literature together with vibrational
frequencies of CD;CN calculated by DFT.

CH;CN CD;CN
IR gas® | INS° IR“* | DFT* Assignment
75 Lattice mode
120 Lattice mode
160 Methyl torsion
361 396 347 354 CCN bend
920 928 902 842 CC stretch
1041 1056 (833) | (875 CH;/(CDs) rock
1389 1390 (1093) | (1138) CH;/(CDs) sym bend
1454 1453 (1067) CH;/(CDs) antisym def
2268 2291 2198 CN stretch
2954 (2110) | (2268) CH;/(CD3) sym stretch

*Ref’!. "Ref’!. “Ref*’. “Calculated from CH;CN data by using deuteration shift ratios given in the refer-
ence. “This work.
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For assignment of the vibrational modes in the experimental INS data, the spectra ob-
tained for species adsorbed on Raney-Co were compared to literature data of CH;CN
and CDs;CN (summarized in Table 5) and of ethylamine (see Table 6) adsorbed on
different metals. No data for adsorbed CD;CH,NH, were available. However, gas
phase IR data of non-deuterated ethylamine **** was previously compared to ethyl-
amine adsorbed on Ni(111).>> To conduct a similar comparison, DFT calculations
were performed to obtain INS vibrational modes for pure CD;CH,NH,. The experi-
mental data together with DFT results are summarized in Table 6.

The spectrum of CD;CN on Raney-Co exhibited a distinct peak at 375 cm™, a broad
scattering region with strongly overlapping features between 600 and 1100 cm™, a
distinct peak at 1278 cm™ and a broad peak starting at 1300 cm™ with a long tailing to
1800 cm™. The experimental results are compared to the calculated INS spectrum of
CD;CN in Fig. 9. It can be seen that there is little similarity of experiment and simula-
tion. The fact that the rather distinct bands at 875 and 1067 cm™ were not observed in
the experiment could be due to residual hydrogen masking the peaks. However, the
intense bands at higher wave numbers (1278 — 1800 cm™) cannot be attributed to this
effect, as was shown by the measurements of hydrogen adsorbed on Raney-Co. It had
been reported that the vibrational modes of CD;CN and CH3CN can be strongly in-
fluenced upon adsorption on Pt (111) and Ni(111), respectively.30’ 3%:36 In both cases
one signal was not observed, while a new one appeared (shifted by up to 650 cm™)
after adsorption. However, in general the spectra of the gas phase and the adsorbed
state were similar and did not change in such a distinct manner as observed here.

Tab. 5: Selected literature data on the vibrations of CD3;CN and CH3CN adsorbed on different metals.

CH;CN CD;CN
Raney-Ni* | Ni(111)° | Pt(111)° Pt(111)° | Assignment
52 CH; torsion
100 Hindered translations and motions
160 CH; torsion
280 265 Pt-MeCN stretch sym
410 385 Pt-MeCN stretch asym
385, 392 360 CCN bend
520 520 605 580 CCN bend
900 (sh) | 950 930 CC stretch
1047,1042 | 1020 1060 (850) CH3/(CDs) rock
1427, 1450 | 1400 1375 (1100) | CH;/(CDj3) sym bend
1435 CH; deg bend
1680 1615 1625 CN stretch
2910 CHj; sym stretch

aRef’! PRef" . CRef°.

Experimental INS data reported for CH;CN adsorbed on Raney-Ni,”! which is ex-
pected to behave similar as Raney-Co, only showed little difference between CH;CN
in the gas phase and adsorbed on Raney-Ni. The results described above lead to the
assumption that the observed INS spectrum was not due to CD;CN coordinated to
Raney-Co. It is rather likely that CD3;CN readily reacted with hydrogen not removed
from the surface during the activation of Raney-Co resulting either in the formation of
a nitrene or to the complete reaction to CD3;CH,NH; or another intermediate.
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In Fig. 7, the main peaks of CD3;CH,NH; adsorbed on Raney-Co are marked and the
respective wave number values are depicted. As shown in Table 6 INS data simulated
with DFT for CD;CH,;NH; are similar to the IR gas phase data for CH3;CH,NH, as
measured by Hamada et al.** Hence, it was decided to perform assignment of most of
the bands exhibited by CD3;CH,NH, adsorbed on Raney-Co based on the literature
available for CH3;CH;NH,; adsorbed on Ni(111). Additionally, it was decided to simu-
late the trans form of CD;CH,NH, because it was suggested in literature that
comg?red to the gauche form this is the form, which more likely occurs on the sur-
face.

Smaller differences in the vibrational modes of CH,, NH,, CCN, CC and CN are most
likely due to the shift between INS and IR bands as previously described for CD;CN,
whereas the remarkable difference (shift from 2880 to 2176 cm™) in the CH; symmet-
ric stretch band is attributed to the exchange of H by D in the methyl group. As shown
in Table 6 most of the experimental INS band positions were similar to gas phase,
DFT and literature data for adsorbed ethylamine and could, thus, be assigned accord-
ingly. The shoulder peak at 407 cm™ was also observed in the DFT results, but could
not be assigned. An additional peak at 455 cm™ may be due to cobalt-nitrogen vibra-
tions as the value is comparable to nickel-nitrogen vibrations observed at 500 cm™ for
ethylamine on Ni(11 1)* and at 490 cm™ for NH; on Ni(111).>” DFT simulation ex-
hibited bands at 499 and 596 cm™ (not assigned), which were either overlapped or of
too low intensity to find them in the experimental INS results. A band at 1293 cm™
(shoulder) experimentally observed may be attributed to a shifted CH, twist, found at
1226 cm’™ in the simulated vibrations. In general, the relative peak intensity in the ex-
periment is comparable to that from DFT calculations in the lower frequency region
(up to ~ 1200 cm™). At higher incident energy, the intensity of the bands is relatively
high compared to the simulation.

The INS results of the adsorption of CD3;CN on Raney-Co in presence of increasing
amounts of hydrogen showed similar features as for CD;CH,NH,. However, differ-
ences were observed, which require further attention. Again, the data in Table 6 is
consulted for band assignment. In order to distinguish co-adsorbed hydrogen from
other surface species vibrations from Table 5 and Fig. 6 were also taken into account
and marked in Fig. 7.

Upon adding hydrogen stepwise to CD3;CN, the scattering characteristics changed
rendering spectra similar to the reference spectrum of CD;CH,;NH,. The spectra were
similar to that for CD3;CN on Raney-Co, which again is an indication that CD;CN was
not the prevailing molecule in the sample. Additionally, it has to be considered that as
shown in Fig. 6 hydrogen exhibits bands mainly in the region below 1200 cm™.
Hence, the significant scattering contributions above this value can be attributed to
partially hydrogenated or product molecules.
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Tab. 6: Vibrational frequencies of CH;CH,NH, and CD;CH,NH, in the gas phase and adsorbed on different met-
als.

Gas phase Ni(111)° | Raney-Co”
gauche® | trans® | DFT° | HREELS INS Assignment
297 245 NH, rock
403 362 375 CCN bend
664 664 CH, rock
755 745 CD; bend
773 790 850 760 891 NH, wag
892 882 975 880 1036 CC stretch
1016 955 NH, twist
1016 1119 | (1086) 1140 (1100) CH,/(CDs) rock
1086 1055 1122 1080 1132 CN stretch
1238 1350 1226 1293 CH, twist
1378 CHj; sym def
1397 1387 >1360 1359 CH, wag
1465 >1440 CH; d def
1487 1508 1455 CH, scission
1622 1673 1540 1575 NH, scission
2880 2176) | 2960 - CH,/(CD;) sym stretch
(2296) - CH,/(CDs) asym stretch
2885 3040 2680 - CH, sym stretch

aRef**** CH;CH,NH,. "This work, CD;CH,NH, in the trans form. ‘Ref>.

For the three samples with hydrogen and for the sample with CD;CN a band at 262 cm™ was
assigned to co- adsorbed hydrogen on ' sites with Dy, symmetry. The CCN bending
mode was located at 375 cm™'. Again, a band at 407 cm™ was observed, which could
not be clearly identified. The weak band at 504 cm™ was assigned to Cos-H antisym-
metric stretch on 1° coordination modes. In the region between 600 cm™ and 1200
cm’' features of the partially hydrogenated or product molecules were overlapping
with scattering contributions of co-adsorbed hydrogen making unambiguous peak as-
signment difficult. However, it can be stated that upon increasing the amount of
hydrogen a broad band centred at 777 cm™, which was previously assigned to Co,-H
asymmetric stretch 1)’ sites, increased. The band at 745 cm™ may be due to CD; bend-
ing modes. NH, wag and CC stretch modes found at 891 cm™ and 1036 cm™ for
CDs;CH,NH,, respectively, were either relatively weak or overlapped by hydrogen
vibration modes as no distinct peaks were found in that region. With exception of the
hydrogen band at 777 cm™, no definitive trend in the intensity of the bands was ob-
tained up to 1200 cm™. However, an interesting band was observed at 1278 cm
exhibiting relatively high intensity for CD3;CN only. Compared to the broad signal
above 1300 cm™ the relative intensity of this band decreased with increasing amount
of hydrogen. In the case of CD3;CH,NH; a shoulder at 1293m™ was attributed to a
CH, twisting mode. It will be considered in the discussion section, if this mode is also
responsible for the relatively strong signal in the case of co-adsorption of CD;CN and
hydrogen

A broad band between 1300 and 1800 cm™ was found for all samples with CD;CN
and CD;CN plus hydrogen being similar to the pattern observed for CD;CH,NH,.
Compared to the band at 1278 cm™ the relative intensity of the band increased with
increasing amount of hydrogen. This is an indication that an intermediate species was
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converted upon adding hydrogen resulting in an increasing amount of CD3;CH,NHa.
However, the single peaks as found for CD;CH,NH,; at 1359, 1455 and 1575 cm’!
were not as well resolved suggesting that other molecules were present which exhib-
ited a different scattering behaviour. Thus, the broad band would be a result of
overlapping signals from CD3;CH,NH, and intermediate species.

4.5. Role of hydrogen sorption strength

For Raney-Ni the presence of different sites strongly and weakly adsorbing hydrogen
has been reported.” The presence of strongly and weakly bound hydrogen was also
indicated by H; chemisorption and INS experimental results for hydrogen adsorbed
on Raney-Co. The two techniques cannot be directly compared but provide comple-
mentary results. INS measurements of activated Raney-Co showed that strongly
bound hydrogen could not be removed from the surface by the activation procedure.
The sample for H, chemisorption measurements underwent the same pre-treatment
before adding hydrogen stepwise. Thus, hydrogen residing on the catalyst surface af-
ter pre-treatment could not be quantified. However, it was found that hydrogen was
partly chemisorbed and partly physisorbed suggesting that two different sorption sites
are present on activated Raney-Co. Hence, taking into account hydrogen not removed
during the activation procedure three different levels of adsorption prevail (strongly
chemisorbed, chemisorbed and physisorbed hydrogen).

In the INS experiments, the three levels could not be distinguished, but sorption sites
for hydrogen were identified. Taking into account the experiments with varying
amounts of hydrogen co-adsorbed with CD;CN one may get insight into the reactivity
of hydrogen adsorbed on those different sites. Especially in the sample with 2.0
equivalents of hydrogen it was observed that differences occur between Raney-Co
and hydrogen co-adsorbed with CD3;CN assuming that reaction took place, but not all
of the hydrogen added reacted. As it cannot be excluded that scattering contributions
of intermediate species or CD;CH,NH, were overlapping with bands of non-reacted
hydrogen the discussion will be restricted to bands, which can be attributed to hydro-
gen mainly. Upon increasing the amount of hydrogen scattering contributions
assigned to hydrogen increased relatively strongly in the region around 632 and 777
cm” (hydrogen on 1’ sites with C3, symmetry on the 101 plane). Whereas scattering
contributions at 504, 866 and 1020 cm™ (all of them corresponding to various vibra-
tional modes of hydrogen on 1’ sites with Cs, symmetry on the 001 plane) increased
less. Therefore, it is suggested that hydrogen adsorbed on the latter sites preferably
reacted with CD;CN. In agreement with literature,* it is concluded that hydrogen on
latter sites is weakly chemisorbed hydrogen, as this kind of hydrogen is more reac-
tive.

4.6. Intermediate species in the co-adsorption of CD;CN and hydrogen on Raney-Co

Results of the INS experiment with CD;CN as sole adsorbate did not show significant
agreement with literature data of gas phase and adsorbed CD;CN.*° Also the INS
spectrum of CD3;CN calculated with (shown in Fig. 9 for comparison) was quite dif-
ferent from experimental data especially at higher incident energy (above 1200 cm™).
Thus, it was concluded that a species other than CD3;CN, which was formed by reac-
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tion with residual hydrogen prevailed on the surface. The assumption that a reaction
took place is supported by TG/DSC results showing that on one type of sites strong
adsorption of CD3CN occurred, which leads to strong activation and hence high reac-
tivity of CD3;CN.

Based on the assumption that a reaction took place, the question arises, which species
are formed. The most obvious explanation would be that CD;CN was completely
converted to CD;CH,NH,. As described above there are, in deed, some similarities
with the spectrum of CD;CH,;NH,, but it has also been shown that remarkable differ-
ences appeared. Especially the relatively strong band at 1278 cm™ was much weaker
(and slightly shifted to 1293 cm™) for CD;CH,NH, compared to the samples with
CD;CN co-adsorbed with hydrogen. Hence, it is suggested that a mixture of interme-
diate species, of which the most characteristic feature is the band at 1278 cm™ and
CD3;CH,;NH; co-exist on the surface. When increasing the hydrogen pressure, the
peak area decreased relative to the band regions, which are more characteristic for
CD;CH,NH, (above 1300 cm™). This observation suggests that by increasing the hy-
drogen pressure the equilibrium was shifted to fully hydrogenated product. Partially
hydrogenated intermediate species co-exist, however, only on the surface if they are
energetically comparable to adsorbed CD;CH,;NH,. In this respect, it has been shown
in a molecular modelling study of amine dehydrogenation over Ni(111) that the partly
dehydrogenated intermediate acimidoyl (CHg—C*ZNH, where * symbolizes coordina-
tion to a metal atom) was energetically lower than adsorbed ethylamine.”®

Before discussing sorption structures of possible intermediates, the adsorption mode
of CD;CH,NH, will be examined. Based on observations in literature *> 7 it is sug-
gested that it i1s adsorbed molecularly through its nitrogen lone pair electrons. The
existence of a cobalt-nitrogen stretching mode supports this assumption. For the ex-
perimental spectrum of CD3;CH;NH,; the band at 1293 cm’ was assigned to CH;
twisting. For the same mode DFT calculations predict a band at 1226 cm™. Con-
versely, CH, wagging was shifted to a lower frequency upon adsorption on Raney-
Co. In literature it was suggested that interaction of hydrogen with Ni(111) surface
weakened the CH bond. *>*’ However, with the results obtained in this study this can-
not be stated unambiguously.

Above it has been established that intermediate species are formed during co-
adsorption of CD3;CN and hydrogen. The structure of this intermediate requires eluci-
dation. in principle several surface structures are possible after reaction of CD;CN
with 2 atoms of hydrogen. In Fig. 8, three such surface structures as proposed in lit-
erature are summarized. Here, it will be discussed, which of the intermediates is most
likely according to the INS experiments.
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Fig. 9: Experimental INS spectrum of CD;CN adsorbed on activated Raney-Co compared to calculated gas phase
INS spectra of reactant, possible intermediate and product species. “Region in which significant hydrogen contri-
butions were observed for activated Raney-Co. *Calculated as a model for surface imine species. Exchanging H
and D was performed to differentiate between CH and NH vibrational modes.

In order to investigate if imine-like species were formed INS data for pure imine were
calculated by means of DFT and compared to experimental results (presented in Fig.
9). As H atoms exhibit much higher intensity they were selectively exchanged by D
atoms in the CN double bond to differentiate between contributions of CH and NH
vibrational modes. The experimental spectrum for CD;CN on Raney-Co is shown as
comparison, as the band at 1278 cm™, which is assumed to be related with the inter-
mediate species, is most intense. The high intensity suggests that H atoms must be
involved in this vibrational mode. For comparison, the simulated spectra of CD;CN
and CD3;CH,;NH,; are shown. Distinct bands of the experimental spectrum are marked
to evaluate the agreement with calculated spectra. However, it can be seen that the
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experimental data is somewhat noisy with not always clearly resolved peaks and may
be overlapped by hydrogen in the region between 632 and 858 cm™. Additionally, the
relative band intensity in the experimentally determined spectrum for CD;CH,NH; is
quite different from the simulated spectrum, which might be an indication for very
strong interaction with the surface. In none of the simulated spectra, such a distinct
peak at 1278 cm™ is predicted. In the simulated imine spectra, the vibrations involv-
ing hydrogen closest to this strong band are depicted. The NH deformation of
CDs;CD=NH exhibited a low intensity band at 1348 cm. CH deformation of
CD;CH=ND resulted in a band with even lower intensity at 1412 cm™. -
Coordination of the imine to the surface (see Fig. 8) may result in a blue shift leading
to the experimentally observed bands at 1278 cm™ and 1387 cm’', respectively. How-
ever, due to the agreement of the strong band at 1278 cm™ with the experimentally
obtained band at 1293 cm™ for CH, twisting modes of CD;CH,NH, it assumed that it
appears more likely that this mode is responsible for the strong band. Thus, no evi-
dence for the existence of an imine-like intermediate was found.

Of the two species carbene and nitrene (shown in Fig. 8), only nitrene can have CH;
vibrational modes. Hence, only this compound may exhibit the band at 1278 cm™ due
to CH, twisting. In Fig. 7, the NH, wagging mode resulted in a relatively well-
resolved band at 891 ¢cm™ for CD;CH,NH,. No such distinct band was observed for
the other spectra. It is assumed that hydrogen did not overlap the peak, which is ap-
propriate, as the amount of hydrogen in the sample with CD3;CN and CD;CH,;NH,
only, was the same due to the same activation procedure. Hence, it is concluded that
NH, groups were only of low concentration in the intermediate surface species sug-
gesting that nitrene species were the most abundant intermediates. However, the
question arises, why CH, twisting modes should be more intense relative to the CH;
wagging and deformation modes with bands at 1359 cm™ and 1455 cm™, respectively,
in nitrene than in CD;CH,NH,. This can tentatively be explained by assuming differ-
ent adsorption modes of the respective molecules. As mentioned above CD3;CH,;NH;
adsorbs most likely via its nitrogen lone electron pair resulting in an N-M o-bond,
whereas nitrene results in a N-M double bond. It is suggested that the CH, twisting
mode leads to a torsional movement of the NM bond resulting in little change in the
orbital overlap of nitrogen and the metal. Hence, the difference between the two
bonding modes might be smaller than with CH, wagging. This movement causes a
stretch of the C-M bond, in which the change of the orbital overlap is considerably
higher. Consequently, the CH, wagging may have higher intensity with CD;CH,;NHa,
as the overlap can take place more easily in a 6-bond.

Transition metal complexes can be used for comparison to help in the interpretation
of the actual catalysis mechanism.® Therefore, a search of the Cambridge Crystallo-
graphic Database was performed and several stable nitrene-like intermediates were
found.*" ** One of the complexes is exemplarily shown in Fig. 10, supporting the as-
sumption that similar nitrene species might also prevail in the hydrogenation over
Raney-Co catalysts. In fact, they have also been reported in surface studies on a Ni/C
catalyst™ and suggested to be the most stable intermediates in the hydrogenation of
acetonitrile over Ni surfaces based on DFT results.?
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Fig. 10: Organometallic complex with nitrene functionality.*.

5. Conclusions

Experimental and calculated INS spectra were combined with spectroscopic data from litera-
ture to examine partly hydrogenated surface species in the co-adsorption of CD3;CN and
H, on Raney-Co. As INS is very sensitive to H atoms, CD3;CN was used as a probe
molecule to keep scattering contributions stemming from the methyl group low. Pre-
paratory experiments showed that very little H/D exchange occurred during
hydrogenation of CD3;CN, which resulted in high selectivity (90%) to CD;CH,NHa.
In TG/DSC measurements, two different types of sites for the adsorption of CD;CN
were found. One type shows a particularly strong interaction with CD3;CN. Combina-
tion with H, chemisorption results showed that at the maximum sorption capacity for
CD3sCN ~ 30% of the cobalt surface atoms were occupied.

The combination of INS and H, chemisorption results confirmed that under the condi-
tions applied three levels of hydrogen adsorption were present (strong chemisorption,
chemisorption and physisorption). Additionally, it was suggested that hydrogen ad-
sorbed on 1’ sites with Ci, symmetry was less strongly bound than hydrogen
adsorbed on other sites and, thus, most reactive. Comparison of simulated and meas-
ured INS results confirmed that the sorbates strongly interacted with the adsorption
sites. A band at 1278 cm™, which was relatively strong in the samples with co-
adsorbed CD;CN and H, and decreased in intensity with increasing amount of Hp,
was tentatively assigned to the CH, twisting mode. The relative decrease of this band
compared to CH, wagging led to the assumption that a nitrene-like compound was the
most abundant intermediate species on the surface.
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