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Gas phase 1H NMR studies and kinetic modeling
of dihydrogen isotope equilibration catalyzed by
Ru-nanoparticles under normal conditions:
dissociative vs. associative exchange†

Hans-Heinrich Limbach, *a Tal Pery,a Niels Rothermel,b Bruno Chaudret, c

Torsten Gutmann b and Gerd Buntkowsky b

The equilibration of H2, HD and D2 between the gas phase and surface hydrides of solid organic-ligand-

stabilized Ru metal nanoparticles has been studied by gas phase 1H NMR spectroscopy using closed

NMR tubes as batch reactors at room temperature and 800 mbar. When two different nanoparticle

systems, Ru/PVP (PVP � polyvinylpyrrolidone) and Ru/HDA (HDA � hexadecylamine) were exposed to

D2 gas, only the release of HD from the hydride containing surface could be detected in the initial

stages of the reaction, but no H2. In the case of Ru/HDA also the reverse experiment was performed

where surface deuterated nanoparticles were exposed to H2. In that case, the conversion of H2 into

gaseous HD was detected. In order to analyze the experimental kinetic and spectroscopic data, we

explored two different mechanisms taking into account potential kinetic and equilibrium H/D isotope

effects. Firstly, we explored the dissociative exchange mechanism consisting of dissociative adsorption

of dihydrogen, fast hydride surface diffusion and associative desorption of dihydrogen. It is shown that if

D2 is the reaction partner, only H2 will be released in the beginning of the reaction, and HD only in later

reaction stages. The second mechanism, dubbed here associative exchange consists of the binding of

dihydrogen to Ru surface atoms, followed by a H-transfer to or by H-exchange with an adjacent hydride

site, and finally of the associative desorption of dihydrogen. In that case, in the exchange with D2, only

HD will be released in the beginning of the reaction. Our experimental results are not compatible with

the dissociative exchange but can be explained in terms of the associative exchange. Whereas the

former will dominate at low temperatures and pressures, the latter will prevail around room temperature

and normal pressures where transition metal nanoparticles are generally used as reaction catalysts.

Introduction

The interaction of dihydrogen with transition metal surfaces
has been intensively studied in the past decades.1–3 It is now
commonly accepted that in the case of clean and ordered
surfaces at low temperatures and pressures dihydrogen is sub-
ject to dissociative adsorption leading to surface hydrides.2 The
process requires at least two, possibly more clustered vacancies4

and involves a barrier for dissociation. Rapid hydrogen diffusion
or quantum delocalization between vacancies can occur2,5 before
the reverse associative desorption takes place. The kinetics of the

latter have been studied using temperature programmed
desorption (TPD) techniques;2 no major differences were
observed for H2, HD and D2.6 To our knowledge, only in one
case it was reported by Christmann et al.7 that surface hydrides
and non-dissociated molecular dihydrogen can sometimes
coexist, for example on single crystal Pd surfaces.

In recent years, interactions of large transition metal clusters
with hydrogen have become a focus of interest, either in the
form of isolated molecules in the gas phase8,9 or as deposits on
solid scaffolds.10 Surprisingly, it was observed for negatively
charged Ru clusters in the gas phase that when all free hydride
sites are occupied, massive associative adsorption of additional
dihydrogen to free Ru atoms occurs9 in a similar way as has
been proposed before.7,11 On the other hand, supported metal
nanoparticles are useful catalysts for heterogeneous reactions.12–14

Solid metal nanoparticles or colloids with diameters of
1–100 nm have also been used to catalyze hydrogenations or
other reactions, most often at normal pressures, temperatures
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and in the presence of solvents.15–19 Such nanoparticles consist
of an inner core of metal atoms embedded in and stabilized by
organic ligands, either functionalized molecules or polymers.20–22

In the transmission electron micrographs of the Ru nanoparticles
of interest in this work, i.e. Ru/poly(vinyl)-pyrrolidone (Ru/PVP)
and Ru/hexadecylamine (Ru/HDA), depicted in Fig. 1, the
Ru-clusters appear as dark dots. For the Ru/HDA sample, the
concentration and size of the clusters are larger than in Ru/PVP.
Whereas PVP is supposed to constitute a weakly interacting
ligand for surface Ru atoms, amino group containing com-
pounds such as HDA are supposed to be bond more strongly to
the Ru-surface via their nitrogen atoms.23

In contrast to clean metal surfaces, little is known about
hydrogen or hydride species which constitute ‘‘active’’ partners
of the catalytic behavior of metal nanoparticles. Previously,
some of us have shown by 1H gas phase NMR that freshly
synthesized solid RuHDA nanoparticles release dihydrogen
isotopologues in the minute time scale when they are exposed
to gaseous D2 as illustrated schematically in Fig. 2, indicating
in this way the presence of surface hydrogen species.24 Using
solid state 2H NMR it was then demonstrated that the deuterons
bind to the Ru surface where they jump rapidly between different
hydrogen sites around the particles. Their motion can be frozen
at low temperatures. Moreover, some methylene groups of the
HDA ligands are partially deuterated as a consequence of inter-
mediate binding to the surface followed by H/D exchange.25

Further 2H solid state NMR26,27 and computational studies11,28

of Ru-nanoparticles and model systems demonstrated not only
the occurrence of surface hydrides of the terminal RuH, bridging
Ru(m2-H) and bridging Ru(m3-H) type but also of surface
Ru(Z2-H2/HD/D2) dihydrogen complexes. The latter should be
subject to rotational H2

29 or D2 tunneling.30

In order to elucidate further the interactions of dihydrogen
with Ru-nanoparticles we decided to study the equilibration
of gaseous dihydrogen isotopologues catalyzed by Ru/PVP and
Ru/HDA in more detail. The idea which we pursued is

illustrated in Fig. 3. When D2 gas is brought in contact with
Ru nanoparticle surfaces containing surface hydrides (Fig. 3a)
one can discuss two different reaction mechanisms by which
the isotopic equilibria in the gas phase

H2 + D2 $ 2HD (1)

as well as between the gas phase and the metal surfaces are
established. The traditional dissociative exchange mechanism
consists of the following steps: dissociative adsorption (Fig. 3b),
rapid surface diffusion (Fig. 3c) and associative desorption
(Fig. 3d). In this mechanism, in the early reaction stages only
H2 will be released (Fig. 3d). Based on the previous studies
which demonstrated the possibility of surface dihydrogen com-
plexes M(Z2-H2)7,9,11 we propose here a second mechanism, the
associative exchange mechanism. In the latter, D2 is bound by
associative adsorption as dihydrogen moiety M(Z2-H2) (Fig. 3e).
This moiety may transfer a deuteron to an adjacent surface
hydride, forming a M(Z2-HD)-moiety (Fig. 3f). In that case,
no H2, but only HD will be released in the very early stages of
the reaction (Fig. 3g).

The main goal of this work was, therefore, to find a way in
order to distinguish between both mechanisms. We realized
soon that for that purpose we could not use traditional techni-
ques of heterogenous catalysis where a gas stream of a H2/D2

mixture flows through a reactor containing a bed of a catalyst
and where the outcoming gas stream is analyzed using mass
spectroscopy in order to determine the ratio of H2, D2 and of
the HD produced. Under these experimental conditions the
number of surface hydrogens is negligible as compared to the
atoms present in gas phase.13 However, we thought that we
might be able to distinguish both mechanisms if we could study
the equilibration of hydrogen isotopologues under conditions
of comparable concentrations of surface hydrogen and gaseous
hydrogen atoms.

Therefore, we explored in our work gas phase 1H NMR which
allows one to study sealed NMR sample tubes equipped with a

Fig. 1 Transmission electron micrographs of ruthenium nanoparticles in
polyvinylpyrrolidone (PVP) and in hexadecylamine (HDA). Adapted from
ref. 22.

Fig. 2 Gas-surface exchange and equilibration of dihydrogen isotopes
according to ref. 24.
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teflon needle valve.31 Inside such a tube one can place solid
catalysts in sufficient quantity as well as a relatively small
quantity of gases around 1 bar. Gas phase 1H NMR is especially
useful to study H2 and HD as they can be distinguished because
of their different longitudinal and transverse relaxation i.e.
different line width.32 In this work, we studied two types of
Ru-nanoparticles i.e. Ru/hexadecylamine (HDA) and Ru/polyvinyl-
pyrrolidone (PVP).

As we were not aware of a similar equilibration study of a
closed dihydrogen/metal system, we needed to derive differen-
tial equations suitable to simulate the time dependence of the
concentrations of the dihydrogen isotopes in the gas phase for
both mechanisms depicted in Fig. 3. Thus, we considered both
the dissociative as well as the associative exchange mechanism,
and took potential kinetic and equilibrium isotope effects
into account, in particular the non-statistical distribution of
dihydrogen isotopes H2, HD and D2 in the gas phase.

This paper is organized as follows. After an experimental
section we explain in a theoretical section shortly the main
ideas how to treat the reaction models depicted in Fig. 3 from a
kinetic standpoint. The kinetic equations are assembled in the
Appendix, and a full derivation of all equations is included in
the ESI.† The formalism developed is used to describe the
experimentally obtained concentrations of H2, HD and D2 in
the gas phase at 800 mbar and room temperature over solid Ru
nanoparticles as a function of time. The experimental results

obtained for Ru/hexadecylamine (HDA) and Ru/polyvinylpyrro-
lidone (PVP) nanoparticles are then discussed. As shown below,
we find evidence that the associative exchange mechanism is
realized under normal conditions, which is important for the
function of transition metal nanoparticles as catalysts for
hydrogenation reactions under real conditions.

Experimental section
Synthesis of ruthenium nanoparticles

Ruthenium nanoparticles were prepared according to the pro-
cedure described by Pan et al.22

Ru/HDA

150 mg (0.50 mmol) of Ru(COD)(COT) were introduced into a
Fischer–Porter bottle and left in vacuum during 30 minutes.
150 mL of THF degassed by three freeze–pump cycles were then
added. The resulting yellow solution was cooled to 193 K after
which a solution containing 0.10 mmol HDA in 25 mL THF was
introduced to the flask. The bottle was pressurized with 3 bar
dihydrogen and the solution was allowed to warm up slowly
to room temperature. After 20 hours, a homogeneous brown
solution is obtained. After elimination of excess dihydrogen,
approximately 3 mL of the solution were passed under argon
over a small alumina column. The absence of color of the

Fig. 3 Mechanisms (schematically) of equilibration of gaseous dihydrogen isotopes in contact with a catalyzing transition metal surface. Left side:
Dissociative exchange model consisting of dissociative adsorption, surface diffusion, and associative desorption operative at low temperatures and low
pressures. For details of each step see ref. 3. Right side: Associative exchange model proposed in this work, consisting of associative adsorption and
formation of a surface dihydrogen complex followed by dihydrogen–hydride transfer and associative desorption. When D2 interacts with a hydrogen
containing surface H2 is preferentially formed initially in the dissociative exchange whereas HD is preferentially formed in the associative exchange.
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filtrate indicates the full decomposition of the precursor.
The volume of the solution was then reduced to approx. 15 mL.
50 mL pentane were then added and the resulting mixture was
cooled to 193 K at which temperature a brown precipitate
formed. It was filtered, washed with pentane and dried in
vacuum.

Ru/PVP

158 mg of Ru(COD)(COT) were placed into a Fischer–Porter
bottle and left in vacuum during 30 minutes. Then, a solution
of 1 g of PVP in 60 mL of THF, degassed by freeze–pump cycles
was added. The resulting yellow solution was stirred for 30 min
at room temperature. The bottle was pressurized at 3 bar
dihydrogen and the solution was allowed to react for 68 hours,
during which time a black precipitate formed. After elimination
of excess dihydrogen, the solution was filtered and the black
precipitate dried in vacuum. The precipitate was then re-dissolved
in 30 mL of methanol, and the resulting solution was filtered and
reduced to 15 mL. Addition of 30 mL of pentane led to a dark
brown precipitate. It was filtered, washed with pentane and dried
in vacuum.

Sample preparation

For gas phase NMR measurements, the purified and dry nano-
particles were placed at the bottom inside an empty NMR
tube equipped with a teflon needle valve. For that operation a
glove box was employed. The tube was then closed, attached
to a vacuum line (outside the glove-box) equipped with a
turbo molecular pump and then evacuated at 10�6 bar and
298 K. Finally, the NMR tube was filled with 800 mbar of H2 or
D2 gas, closed and loaded into the NMR spectrometer and the
1H NMR spectra of the gas phase above the nanoparticles were
recorded.

NMR measurements
1H gas phase NMR spectra (500.13 MHz) were recorded on a
Bruker AMX 500 NMR spectrometer operating in the Fourier
transform mode at a magnetic field of 11.7 T.

Theoretical section

In this section we present kinetic equations describing the
equilibration of hydrogen isotopes in a closed system between
the gas phase and a solid adsorbent such as metal nano-
particles containing atomic hydrogen binding sites, also called
surface hydrides. We consider the high-pressure limit where
the number N of dihydrogen isotopologues in the gas phase is
independent of time, as well as the number of surface hydrogen
isotopes. However, we are interested in the way of how the
isotopic equilibrium between the gas phase and the surface is
achieved, for example in the case where pure D2 gas is let to
interact with surface H, leading to an increase of HD and H2 in
the gas phase and to surface D in the adsorbent. In that
process, besides the occurrence of kinetic H/D isotope effects,
we take into account a potential isotope fractionation between

surface and gas phase, as well as the well-established non-
statistical distribution of dihydrogen isotopes in the gas phase
(eqn (1)) which is characterized by the equilibrium constant

Kgas ¼
nHDnHD

nH2
nD2

¼ 3:25 at room temperature: (2)

This value, calculated using isotope theory33 and confirmed
experimentally34 means that at equilibrium there is less HD in
the gas phase than expected for a statistical distribution where
K = 4. We assume that diffusion in the gas phase is fast and
does not constitute the rate limiting step.

As mentioned above, we consider two different reaction
pathways which were illustrated in Fig. 3, i.e. a dissociative
and an associative exchange of dihydrogen isotopes with tran-
sition metal surface hydrogen or hydride sites.

Unfortunately, it is difficult to treat theoretically and experi-
mentally all reaction steps in Fig. 3. Therefore, we simplified
the reactions in the following way.

For the dissociative exchange of dihydrogen isotopologues
with hydrides on the metal nanoparticle surfaces we consider
the following dissociative adsorption/associative adsorption
steps

H2 þ 2� �! �
kHH
a

kHH
d

2H� (3a)

HDþ 2� �! �
kHD
a

kHD
d

H� þD�; (3b)

D2 þ 2� �! �
kDD
a

kDD
d

2D�: (3c)

According to the usual nomenclature of surface science as
described by Chorkendorff et al.35 an asterisk * indicates an
unoccupied ‘‘atomic’’ binding site, whereas L* = H* or D*
indicates any type of a hydrogen or deuterium bound surface
site. The term 2* symbolizes two unoccupied binding sites.
kLL

a and kLL
d represent the rate constants of adsorption and

desorption of the dihydrogen isotope LL. The assumption of
fast diffusion of hydrogen in the metal surfaces is taken into
account by assuming that desorption of a given isotopologue is
governed by the surface deuterium fraction.

In this model, we assume that gaseous dihydrogen mole-
cules can bind to the surface and exchange directly hydrogen
isotopes with a neighboring bound hydrogen, releasing again a
dihydrogen molecule as illustrated in Fig. 3b.

For the associative exchange of dihydrogen isotopologues
with hydrides on the metal nanoparticle surfaces we consider
the following overall reactions,

H2 þD� ���!kHHD
e

H� þHD; (4a)

HDþD� ���!kHDD
e

H� þD2; (4b)

DHþH� ���!kDHH
e

D� þH2; (4c)
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D2 þH� ���!kDDH
e

D� þDH; (4d)

The first two superscripts of the rate constants kLLL
e stand for

the reacting dihydrogen isotopologue and the last superscript for
the surface bound hydrogen with which the exchange occurs.
The following reactions will also be present

H2 þH� ���!kHHH
e

H� þH2; (5a)

HDþH� ���!kHDH
e

H� þHD; (5b)

HDþH� ���!kHDH
e

H� þDH; (5c)

D2 þD� ���!kDDD
e

D� þD2; (5d)

but they are not further considered here as they do not alter the
concentrations of the isotopic species.

The main features and results of the kinetic treatment of
both mechanism is presented in the Appendix. For interested
readers we also present the full derivation in the ESI.†

Results
1H gas phase NMR experiments of HH/HD mixtures

In contrast to H2 in solution, gaseous H2 gives rise to a broad
NMR line because of short transverse relaxation times.32 The
line widths depend on pressure, temperature and the magnetic
field used. Generally, increasing these variables decreases the
line widths. At 500 MHz, 298 K and a pressure of about 1 bar,
also the longitudinal relaxation times T1 are short and of the
order of 15 ms.36 To our knowledge, no systematic T2 study of
hydrogen as a function of pressure, temperature and magnetic
field has been reported.

We performed all NMR experiments at 500 MHz, a total
pressure of 800 mbar, a temperature of 298 K, using the same
recording parameters. Firstly, we performed NMR experiments
on gaseous samples of H2 and HD and on isotopic gas mixtures
at 800 mbar total pressure. As shown in Fig. 4a and b, Lorentzian
lines are observed for both isotopic species using 901 pulses,
leading to the following expressions.

IH2
¼ IH2

ð0Þ pWH2

pWH2

� �2þ4p2 nH2
� n

� �2; WH2
¼ 1400 Hz;

nH2
¼ 2250� 100 Hz; dH2

¼ 4:5� 0:2 ppm;

(6)

IHD ¼ IHDð0Þ
pWHD

pWHDð Þ2þ4p2 nHD � nð Þ2
; WHD ¼ 250 Hz;

nHD ¼ 2150� 50 Hz; dHD ¼ 4:3� 0:1 ppm

(7)

Here, IH2
ð0Þ ¼ nH2

Z
and IHDð0Þ ¼

nHD

Z
represent the integrated

signal intensities of H2 and HD. The constant Z was determined

before using a reference sample of pure HD at 550 mbar in a
known volume of 2 cm3 at 298 K whose signal intensity was set
to the reference value IHD(ref) = 1, therefore,

Z ¼ nHDðrefÞ ¼
pV

RT

¼ 0:55� 0:002

0:08314� 1000� 298

bar� L

L� bar K�1 mmol�1 �K

� �

¼ 0:0444 mmol

(8)

The reference sample was measured in each kinetic run of a
given sample in order to calibrate its signal intensities in terms
of number of molecules.

Fig. 4c shows the 1H gas phase spectrum of a gas mixture
containing 100 mbar H2 and 700 mbar HD. The broad compo-
nent arising from H2 is barely visible, but can be detected by
line shape analysis after performing a proper base-line correc-
tion. We checked the amount of H2 by 1H NMR after transfer
into CDCl3 (Fig. 4d); because of the much smaller line width,
the correct H2/HD ratio of 1 : 3.5 is now obtained. Therefore,
in order to measure the amounts of H2 and HD by gas phase
1H NMR it was necessary to perform line shape analyses in
terms of the sum of eqn (6) and (7), where only IH2

(0) and IHD(0)
were varied. This procedure works well in the presence of large
amounts of H2 as shown later. However, in cases of spectra

Fig. 4 500 MHz 1H NMR spectra of different gas samples: (a) gas phase
1H NMR spectrum of a sample containing 800 mbar H2 gas. (b) Gas phase
1H NMR spectrum of a sample containing 800 mbar HD gas. (c) Gas
phase 1H NMR spectrum of a sample containing a mixture of 100 mbar H2

and 700 mbar HD gas. (d) Liquid state 1H NMR spectrum of a gas mixture of
100 mbar H2 and 700 mbar HD transferred into CDCl3.
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such as depicted in Fig. 4c, where HD dominates, base line
distortions make it difficult to determine IH2

(0). In these cases
we determined only the amount of IHD(0) by line shape analysis
using eqn (7), using a base line correction which included the
contribution of the H2 signal.

We checked whether a spin–echo sequence, 901–t–
1801–t–echo,37 could help to improve the method. However,
although the base line distortions were minimized using t
values larger than 20 ms, H2 signal intensity losses occurred
because of its short T2. Therefore, this method was not used
further.

1H gas phase NMR equilibration studies of gaseous dihydrogen
isotopes in contact with Ru/HDA and Ru/PVP nanoparticles

In the early stages of our study we placed some of the powdered
Ru/HDA nanoparticles at the bottom of NMR tubes equipped
with a teflon needle valve, evacuated the sample to 10�6 bar and
closed the valve. When we left the sample for several hours
at 298 K we could not observe a pressure increase arising
from thermally desorbed H2. Even after heating the sample to
360 K for one day no pressure increase was observed. Later,
we found that the Ru/HDA samples still contained surface
hydrogen.

As has been described previously,24 in order to detect its
amount, we filled NMR tubes containing powdered Ru/HDA
nanoparticles after extended evacuation in vacuo with 800 mbar
D2 gas at room temperature, inserted the samples into the
NMR spectrometer, and measured the 1H gas phase spectra at
different reaction times. We observed a new peak around
4.5 ppm which grew with time. When we measured the solid
state 2H NMR spectra of the nanoparticles24 we found two types
of 2H signals, a sharp signal which we assigned to mobile
deuterons in the nanoparticle surface, and a broad signal typical
for more or less rigid C–D units. The amount of the latter
increased substantially when D2 gas was added just after the
synthesis of Ru/HDA and exposure to D2 gas for several days.
These results were corroborated by temperature-dependent
solid state 2H NMR measurements. Therefore, we concentrated
in this study on the kinetics of the H/D gas-surface exchange as
described in the following.

We prepared again Ru/HDA nanoparticles, inserted them
into NMR sample tubes containing teflon needle valves,
evacuated the samples, and added 800 mbar D2 at room tem-
perature. Then we transferred a given sample into the NMR
spectrometer and measured the 1H NMR gas phase spectra as a
function of time. We dub this sample as Ru/HDA/H + D2

sample. Unfortunately, as the chemical laboratory and the
NMR laboratory were not closely located to each other, the dead
time between the start of the reaction in the chemical laboratory
and the beginning of the NMR measurements was almost
10 minutes.

Some typical superimposed experimental and calculated
spectra obtained for the Ru/HDA/H + D2 sample as a function
of the time after the start of the reaction are depicted in Fig. 5,
including a spectrum of the empty tube (top). The spectra were
simulated as sums of the empty tube spectrum and the

Lorentzian lines of H2 and HD as given by eqn (6) and (7).
Within the margin of error, no contribution from H2 could
clearly be observed, but only the appearance of HD as illustrated
in Fig. 5. After a substantial increase within the first hour, the
HD signal growth became very small.

In a second stage, we wanted to know whether the deuterons
incorporated into the particles could be replaced again by
hydrogen. For that purpose, a (partially) deuterated sample,
dubbed as Ru/HDA/D + H2 sample, was exposed to 800 mbar H2

gas and the 1H gas phase NMR spectra of this sample recorded
again at different reaction times. Some typical spectra obtained
are depicted in Fig. 6. Now, the broad H2 signal could clearly be
observed as major signal component, and the production of HD
is demonstrated by the appearance of the sharper HD peak
which increased with time at the expense of the H2 signal. By
line shape analysis using eqn (6) and (7), taking into account the
spectrum of the empty NMR tube, the relative signal intensities
of H2 and HD could be determined.

In order to elucidate the influence of the stabilizing ligand
we exposed a Ru/PVP sample to 800 mbar D2 gas and measured
the resulting 1H gas phase NMR spectra at different reaction
times. As a result, we obtained for this Ru/PVP/H + D2 sample a
similar increase of the gas phase HD peak around 4.5 ppm as in
the case of Ru/HDA/H + D2 sample.

Analysis of the kinetics of H/D exchange with Ru/HDA and
Ru/PVP

By comparison of the 1H signal intensities I obtained in the
kinetic runs by line shape simulation with those of the reference
sample (see Experimental section) we obtained the experimental
time-dependent gas phase concentrations of the dihydrogen
isotopologues as shown in Fig. 7 and 8. For convenience,

Fig. 5 Gas phase 500 MHz 1H NMR spectra of a Ru/HDA/D + H2 sample
(800 mbar D2) inside a closed NMR glass tube showing the release of HD at
different reaction times.
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the concentrations were expressed in units of Z = 0.049 mmol.
Each kinetic run was analyzed in terms of both the dissociative
exchange model using eqn (15) and the associative exchange
model using (23). Using home-made MATLAB programs the
data were fitted to numerical solutions of these equations as
described in the Appendix and the ESI.† The parameters used
to simulate the experimental data are assembled in Table 1 for
the dissociative and in Table 2 for the associative exchange
model. We note that after calibration the signal intensities are
given by IHH = 2xHH, IHD = xHD and IDD = 2xDD. In Fig. 7 and 8,
for a better comparison of the signal intensities, we always
plotted IHH, IHD and IDD/2. Moreover, on the left sides of Fig. 7
and 8 a linear scale for the reaction time is used, whereas on the
right sides a logarithmic scale is used. These results will be
discussed in detail in the following section.

Discussion

In this section, we will discuss how the experimental results
described in the previous section will contribute to the question
raised in Fig. 3 of whether the hydrogen isotope gas-surface
equilibrium is better described in terms of the dissociative
exchange model or of the associative exchange model.

Gas-surface hydrogen isotope equilibration over Ru
nanoparticles: dissociative vs. associative hydrogen isotope
exchange?

Let us firstly discuss the dissociative exchange model which
was used in Fig. 7a and b to calculate the solid curve in order to
reproduce the kinetic data of the Ru/PVP/H + D2 sample and in
Fig. 8a and b of the Ru/HDA/H + D2 sample. Clearly, this model
predicts that when Ru/HDA/H nanoparticles are treated with
gaseous D2, only H2 is released in the beginning of the reaction
which should lead to the dominance of the broad H2 signal.
That is because in this model fast surface diffusion is assumed with
the consequence that for a given hydrogen the reaction partner H or
D depends on their respective probability in the surface. As in the
beginning of the reaction there is no D in the surface, no HD but
only H2 can be released. That is more than the H2 equilibrium
concentration, and hence the dissociative exchange model predicts
that the H2 signal intensity will go through a maximum and decrease
again. At longer reaction times the HD signal will appear more
slowly, even in the absence of kinetic isotope effects. In a qualitative
way, this circumstance is already predicted by the simple schematic
reaction scenario which was illustrated in Fig. 3. Only a small
amount of D2 is predicted to be released because of the overall
small deuterium fraction in the system; again, in the beginning of
the reaction more D2 molecules are released as compared to the
equilibrium.

As was illustrated in Fig. 5 for the Ru/HDA/H + D2 sample, we
could detect only the release of HD when Ru nanoparticles were
treated with D2. We could not exclude the formation of some H2

whose broad signal might disappear in the base line. However, we
did not observe spectra of the type depicted in Fig. 6 containing
larger quantities of H2, but that was predicted when we used the
dissociative exchange model to reproduce the experimental HD
signal intensities, those of H2 being experimentally undetermined
but small. Although we could simulate the results of the
HDA/D + H2 sample fairly well (Fig. 8c and d) we conclude, therefore,
that the dissociative exchange model is not able to accommodate the
kinetic data of the deuteration of the Ru nanoparticles.

By contrast, we could reproduce very well the experimental
data of the Ru/PVP/H + D2 and Ru/HDA/H + D2 samples by
using the associative exchange model (Fig. 3 and eqn (4)) as
illustrated in Fig. 7c, d and 9a, b. That model predicts that after
associative adsorption of D2 followed by a dihydrogen-hydride
transfer dominantly HD is released. H2 is released only after
longer reaction times. Thus, the calculated H2 signal intensities
are always much smaller than the HD signal intensities. Also,
a good agreement between experimental and calculated data could
be obtained for the reverse experiment, i.e. the Ru/HDA/D + H2

sample as illustrated in Fig. 9c and d. We note that we needed
to include the presence of some HD in the beginning of the
reaction, as illustrated in Fig. 9c by the value of the HD inten-
sity at t = 0. We associate this finding to the presence of some
very reactive sites of the type Ru(Z2-HD) in Ru/HDA/D. Similar
sites of the type Ru(Z2-DD) might also be present but a fast
DD release can not be detected by 1H NMR. In the case of
Ru/HDA/H, Ru(Z2-HH) might be present, but the fast release of
a small number of H2 is difficult to be detected.

Fig. 6 Gas phase 500 MHz 1H NMR spectra of a partially deuterated
Ru/HDA/D + H2 sample (800 mbar H2) inside a closed NMR glass tube
showing the conversion H2 into HD as a function of time.
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In Fig. 10 we discuss the simplified associative exchange of
eqn (4d) in more detail. After associative adsorption of D2 on a
surface Ru atom the dihydrogen pair might split and transfer a D
leading to the formation of a dihydrogen complex in a neighboring
site. On the other hand, also a dihydrogen-hydride exchange may
occur. After both processes a HD molecule will be released.

Finally, we note that for the Ru/HDA/H + D2 sample more
HD is observed at large reaction times than predicted by either
of the two models (Fig. 8b and 9b). A related effect is observed
for the Ru/HDA/D + H2 sample. We assign this finding to a slow
H/D exchange between the Ru surface and the CH2 groups of
the HDA ligand, which was observed by 2H solid state NMR
before after very long reaction times.24 That phenomenon is not
observed for PVP as ligand (Fig. 7). This exchange proceeds
most probably via slow C–H ligand activation composed by C–H
adsorption on the metal surface and corresponding s-complex
formation as observed for single metal complexes,38–43 H trans-
fer to Ru and back transfer of D to the ligand. On the other hand,
during the re-hydrogenation more gaseous H2 was consumed
and converted into HD at long reaction times, indicating a
reverse re-hydrogenation arising not only by the metal surface
but also by the ligand HDA via the metal surface. However, as

this phenomenon was beyond the scope of this study we did not
pursue it further.

Discussion of the kinetic simulation parameters

The parameters used to simulate the solid lines in Fig. 8 and 9 were
assembled in Table 1 for the dissociative and in Table 2 for the
associative exchange model. As we mainly observed only the
production of HD, and as the dead-time between exposure of
dihydrogen to the nanoparticles and the start of the NMR measure-
ments was at least 8 min, we were not able to determine reliable
kinetic isotope effects or fractionation factors. Nevertheless, in
the simulation program we took the well-known deviation of the
H2/HD/D2 equilibrium constant from the statistical value of 4 (see
eqn (2)) into account. In a similar way, it is too early to interpret the
pseudo-first order rate constants determined as they depend on the
exchange model used. According to the TEM results (Fig. 1) there
are more Ru nanoparticles in the Ru/HDA samples than in the
Ru/PVP samples, and we would have expected a larger rate constant
of the HD production in the former. We find that result only in
case of the associative, but not in the case of the dissociative
exchange model. On the other hand, the exchange kinetics are
slow, independent of the exchange model used, and we can not say

Fig. 7 Time evolution of the NMR gas phase signal intensities of a closed Ru/PVP/H + D2 sample. The asterisks represent the experimental points. The
solid lines visualize the corresponding calculated time evolution. (a) Linear plot and (b) semi-logarithmic plot obtained using the dissociative exchange
model. (c) Linear plot and (d) semi-logarithmic plot obtained using the associative exchange model. The plot parameters are assembled in Tables 1 and 2.
We note that the dissociative exchange model predicts the release only of H2 in the early stages of the reaction (Fig. 3), and is, therefore, not in agreement
with the experiment, in contrast to the associative exchange model.
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why. One could conceive H-bond breaking and bond-formation as
rate limiting steps, but also diffusion of dihydrogen gases through
the organic phases.

On the other hand, the results show that if the dead-time
between the start of the reaction and of the experiments can be
reduced, and also the gas phase concentration of D2 could be

measured, also kinetic HH/HD/DD isotope effects on the equili-
bration will become measurable in the future.

Quantification of hydrogen surface sites

In order to quantify the number of hydrides in the Ru surfaces
we proceeded as indicated in Table 3. Starting from the

Fig. 8 Time evolution of the NMR gas phase signal intensities of closed Ru/HDA samples. The asterisks represent the experimental points. The solid lines
visualize the corresponding calculated time evolution. (a) Linear plot and (b) semi-logarithmic plot obtained for a Ru/HDA/H + D2 sample using the
dissociative exchange model. (a) Linear plot and (b) semi-logarithmic plot obtained for a Ru/HDA/D + H2 sample using the dissociative exchange model.
The plot parameters are assembled in Table 1. We note that the dissociative exchange model predicts the release only of H2 in the early stages of the
reaction (Fig. 3), and is, therefore, not in agreement with the experiment.

Table 1 Overview of parameters used to calculate the gas-surface hydrogen isotope equilibration in terms of the dissociative exchange model of Fig. 3a

Sample/reaction conditions Variable Ru/HDA/H + 800 mbar D2 Ru/HDA/D + 800 mbar H2 Ru/PVP/H + 800 mbar D2

Number of isotopologue dihydrogen gas
molecules in units of Z

N 1.4 1.5 1.4

Number of ruthenium adsorption sites in
units of Z

M 0.8 0.7 0.35

Number of ruthenium adsorption sites mmol M � Z 0.04 0.035 0.017
HH mole fraction in gas phase at t = 0 xHH(0) 0 1 0
HD mole fraction in gas phase at t = 0 xHD(0) 0 0 0
DD mole fraction in gas phase at t = 0 xDD(0) 1 0 1
Surface deuterium fraction at t = 0 xD(0) 0 0.65 0

Pseudo-first order rate constant of HD
desorption

kHD
d /s�1 0.0009 0.0009 0.0025

Kinetic HH/HD isotope effect of desorption
P1 ¼

kHH
d

kHD
d

n.d. n.d. n.d.

HD/HH isotopic fractionation factor of
desorption

f1 n.d. n.d. n.d.

Z = 0.049 mmol. n.d.: not determined, values set to unity.

PCCP Paper



10706 | Phys. Chem. Chem. Phys., 2018, 20, 10697--10712 This journal is© the Owner Societies 2018

sample masses, and the weight% of Ru obtained by elemental
analysis we obtained the number of Ru atoms (in mmol) of the
different samples studied. The fraction of surface Ru has been
estimated previously from the particle sizes,25 leading to the
number of surface Ru atoms (nsurface-Ru in mmol). On the other

hand, by curve analysis and parameter fitting discussed above
we obtained the number of hydrogen adsorption sites M in unit
of Z, and by multiplication with Z the corresponding values
M � Z in mmol. Finally, as shown in Table 3, we obtained the
number of hydrogen sites per Ru surface atom, M � Z/nsurface-Ru.

Table 2 Overview of parameters used to calculate the gas-surface hydrogen isotope equilibration in terms of the associative exchange model of Fig. 3b

Sample/reaction conditions Variable Ru/HDA/H + 800 mbar D2 Ru/HDA/D + 800 mbar H2 Ru/PVP/H + 800 mbar D2

Number of dihydrogen gas molecules in
units of Z

N 1.3 1.43 1.40

Number of ruthenium adsorption sites in
units of Z

M 0.9 0.8 0.35

Number of ruthenium adsorption sites mmol M � Z 0.045 0.04 0.017
HH mole fraction in gas phase at t = 0 xHH(0) 0 0.93 0
HD mole fraction in gas phase at t = 0 xHD(0) 0 0.07 0
DD mole fraction in gas phase at t = 0 xDD(0) 1 0 1
Deuterium fraction on surface at t = 0 xD(0) 0 0.4 0

Pseudo-first order rate constant of the reaction
H2 + D* - H* + HD

kHHD/s�1 — 0.00023 0.00045

Pseudo-first order rate constant of the reaction
D2 + H* - D* + DH

kDDH/s�1 0.00023 —

Kinetic HHD/HDD isotope effect
P1 ¼

kHHD
e

kHDD
e

0.8 0.8 0.8

HHD/HDH isotopic fractionation factor
f1 ¼

kHHD
e

kHDD
e

1.8 1.8 1.8

Z = 0.049 mmol.

Fig. 9 Time evolution of the NMR gas phase signal intensities of closed Ru/HDA samples. The asterisks represent the experimental points. The solid lines
visualize the corresponding calculated time evolution. (a) Linear plot and (b) semi-logarithmic plot obtained for a Ru/HDA/H + D2 sample using the
associative exchange model. (a) Linear plot and (b) semi-logarithmic plot obtained for a Ru/HDA/D + H2 sample using the associative exchange model.
The latter can accommodate the experimental data. The plot parameters are assembled in Table 2.
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We obtain similar results for both reaction models. For Ru/HDA
we obtain values of about 1.5 and for Ru/PVP values of about 1.

These values are similar to those reported previously25 by letting
1-octene or norbornene with Ru nanoparticles and measurement of
the amounts of the resulting alkanes by gas chromatography and
mass spectroscopy. Using that method, 1.2 hydrogen per surface
Ru atoms were obtained for Ru/HDA and Ru/PVP.

Under which conditions will the associative hydrogen isotope
exchange mechanism dominate?

As our hydrogen isotope gas–metal surface experiments indicate the
presence of the associative exchange mechanism the question arises
why we do not find the dissociative exchange mechanism as
discussed usually.13 That is the mechanism we and others would
have predicted in view of many studies using surface science
methods.3 We tentatively offer here the following explanation. Pre-
vious detailed surface science studies of the interaction of hydrogen
with clean metal surfaces were carried out mostly at low tempera-
tures and pressures, in contrast to our studies which were done at
room temperature and around 1 bar i.e. under normal conditions.
Under such conditions, not only all terminal hydride sites, bridge

M(m2) and M(m3) sites will be occupied, but there might be also
dihydrogen complexes of the type M(Z2-H–H) present which will
increase the number of hydrogens per surface atoms. Whereas
previously dihydrogen sites have been observed only in rare cases,
e.g. Pd surfaces,7 recently, experimental and computational evi-
dence for H2 binding to surface Ru atoms has been observed
even under conditions of occupied hydride sites.9,11 Therefore,
the associative exchange via surface dihydrogen complexes is not
in disagreement with previous findings.

Conclusions

We come to the following conclusions:
(i) It is possible to follow the time evolution of exchange of

gaseous dihydrogen isotopologues with hydrogen sites in the
surface of ligand containing solid Ru-nanoparticles using gas
phase 1H NMR spectroscopy in closed samples. That technique
allows one to study reactive samples under conditions where
the number of hydrogen atoms in the gas phase and the metal
nanoparticle surfaces are of comparable size.

Fig. 10 Possible details of the simplified associative exchange of eqn (4).

Table 3 Quantification of hydrogen adsorption sites

Sample/reaction conditions Variable Ru/HDA/H + 800 mbar D2 Ru/HDA/D + 800 mbar H2 Ru/PVP/H + 800 mbar D2

Mass of nanoparticle/mg m 11 8.4 34
Weight% Ru 53% 53% 7.6%
Amount Ru/mg 5.83 4.45 2.58
Amount Ru/mmol nRu 0.058 0.044 0.025
Fraction of surface Ru nsurface-Ru/nRu 0.52 0.52 0.76
Surface Ru/mMol nsurface-Ru 0.030 0.023 0.019
Number of Ru adsorption sites/mmol
dissociative exchange model

M � Z 0.04 0.035 0.017

Number of H sites per Ru surface atoms
dissociative exchange model

M � Z/nsurface-Ru 1.3 1.5 0.9

Number of Ru adsorption sites/mmol
associative exchange model

M � Z 0.045 0.04 0.017

Number of H sites per Ru surface atoms
associative exchange model

M � Z/nsurface-Ru 1.5 1.74 0.89

Z = 0.049 mmol. Atomic mass Ru 101.07.

PCCP Paper



10708 | Phys. Chem. Chem. Phys., 2018, 20, 10697--10712 This journal is© the Owner Societies 2018

(ii) A formalism is developed which allows one to analyze
the hydrogen isotope equilibration kinetics and to determine
potential kinetic and equilibrium isotope effects of dihydrogen
desorption from the Ru-surface as well as the number of surface
hydrogen sites. The formalism can be applied in the case of all
techniques which are able to determine the concentrations of
hydrogen isotopes in the gas phase of a closed system. Two different
reaction models were considered, the dissociative and the associa-
tive exchange model as illustrated schematically in Fig. 3.

(iii) The technique was applied to analyze the HD production
after treatment of hydrogen containing Ru nanoparticles stabilized
by polyvinylpyrrolidone (Ru/PVP) and by hexadecylamine
(Ru/HDA). Unfortunately, because of a long dead time of several
minutes we were not able to determine the initial H2 produc-
tion, and could, therefore, not yet determine isotope effects on
the equilibration process.

(iv) The results could not be explained in terms of the dissociative
exchange model, whereas they were compatible with the associative
exchange model proceeding via surface dihydrogen complexes.

The relevance of this work for the future use of transition
metal nanoparticles in the field of catalysis is that one should
think of the possibility that surface sites containing dihydrogen
might be the main active surface species responsible for the
elementary reaction steps. On the other hand, from a method-
ological standpoint, it will be useful to extend our approach to
the study of colloidal solutions of nanocatalysts. Finally, efforts
need to be made in order to reduce the dead-time between the
sample preparation and the NMR measurements.
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Appendix
Dissociative exchange

This process consists of dissociative adsorption3 of dihydrogen
isotopes on the metal nanoparticle surfaces, followed by fast surface
diffusion and associative desorption. The adsorption/desorption
equilibria are given by eqn (3b). Let KLL

a and KLL
d be the equilibrium

constants of dihydrogen association and dissociation

KHH
d ¼ kHH

d

kHH
a

¼ 1

KHH
a

; (9a)

KHD
d ¼ kHD

d

kHD
a

¼ 1

KHD
a

; (9b)

KDD
d ¼ kDD

d

kDD
a

¼ 1

KDD
a

: (9c)

We are interested here in the case where the total number of
dihydrogen molecules in the gas phase

N = nH2
+ nHD + nD2

(10)

is independent of time, where nLL corresponds to the time-
dependent numbers of isotopologue molecules LL = H2, HD, D2.
Let a given surface contain a fixed number M of such sites. As
mentioned above, we consider the high-pressure limit where almost
all surface hydrogen sites are occupied. M is then equal to the
number of bound hydrogen isotopes and independent of time i.e.

M = nH* + nD* (11)

in contrast to the time-dependent numbers nLL and nL*.
Using eqn (9) one can define the ‘‘fractionation factors’’ of

dihydrogen desorption

f1 ¼
KHD

d

KHH
d

¼ KHH
a

KHD
a

¼ nHDnH�

2nH2
nD�

;

f2 ¼
KDD

d

KHD
d

¼ KHD
a

KDD
a

¼ 2nD2
nH�

nHDnD�
;

KDD
d

KHH
d

¼ KHH
a

KDD
a

¼ f1f2 ¼
nD2

nH�
2

nH2
nD� 2

:

(12)

If f1 4 1 or f2 4 1, D enriches in the gas phase, and if f1 o 1
or f2 o 1, D enriches in the surface. However, the two fraction-
ation factors are not independent of each other because of the
isotopic equilibrium in the gas phase (eqn (2)). This is because by
combination with eqn (9) it follows that

Kgas ¼
4 KHD

d

� �2
KHH

d KDD
d

¼ 4
f1

f2

! f2 ¼ 4
f1

Kgas
;

with f2 ¼ 1:23f1 at 298 K:

(13)

We define the kinetic H/D isotope effects of desorption and
adsorption as

kHH
d

kHD
d

¼ P1;
kHD
d

kDD
d

¼ P2;
kHH
d

kDD
d

¼ P1P2: (14a)

As described in the ESI,† we have derived the following set of
differential equations describing the time dependence of the
variables dihydrogen isotopes in the gas phase and of the surface
hydrogens nH2

, nHD, nD2
and nD* which characterizes the isotopic

equilibration process via dissociative exchange

dnH2

dt
¼ kHH

d

M
�nH2

nH�
2 þ 2P1

�1nH�nD� þ P1
�1P2

�1nD�
2

nH2
þ nHD

f1P1
þ nD2

f1f2P1P2

þ nH�
2

0
B@

1
CA;

(15a)

dnHD

dt
¼ kHH

d

M
�nHD

nH�
2 þ 2P1

�1nH�nD� þ P1
�1P2

�1nD�
2

f1P1nH2
þ nHD þ

nD2

f2P2

0
B@

þ 2P1
�1nH�nD�

!
;

(15b)
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dnD2

dt
¼ � kHH

d

M
nD2

nH�
2 þ 2P1

�1nH�nD� þ P1
�1P2

�1nD�
2

f1f2P1P2nH2
þ f2P2nHD þ nD2

�

þ P1
�1P2

�1nD�
2

�
; (15c)

dnH�

dt
¼ �2dnH2

dt
� dnHD

dt
: (15d)

dnD�

dt
¼ �dnHD

dt
� 2

dnD2

dt
: (15e)

The parameters needed to simulate a given kinetic run are the
total number N of isotopologue dihydrogen molecules in the gas
phase, the number M of hydrogen sites in the solid, the number of
species nHH(0), nHD(0) and nD*(0) at t = 0, the pseudo-first rate
constant of desorption kHH

d (or alternatively kHD
d or kDD

d ), the kinetic
isotope effects P1 and P2 of desorption and the isotopic fractionation
factor f1. Applications are presented in Fig. 7 and 8.

Associative exchange

In this model, we assume that gaseous dihydrogen molecules
can bind to the surface and exchange directly hydrogen iso-
topes with a neighboring bound, releasing again a dihydrogen
molecule as illustrated in Fig. 3b and in eqn (4). The time
dependence of different isotopic species is given by

dnD2

dt
¼ �kDDH

e nDDnH� þ kHDD
e nHDnD� ; (16a)

dnHD

dt
¼� kDHH

e nHDnH� � kHDD
e nHDnD�

þ kDDHnDDnH� þ kHHDnHHnD� ;

(16b)

dnH2

dt
¼ �kHHD

e nHHnD� þ kDHH
e nHDnH� ; (16c)

dnD�

dt
¼ �dnH

�

dt
¼ kDDH

e nDDnH� � kHDD
e nHDnD�

þ kDHH
e nHDnH� � kHHD

e nHHnD� :

(16d)

At equilibrium

dn1D2

dt
¼ 0 ¼ kDDH

e n1DDn
1
H� þ kHDD

e n1HDn
1
D� ; (17a)

dnHD

dt
¼ 0 ¼ � kDHH

e nHDnH� � kHDD
e nHDnD�

þ kDDHnDDnH� þ kHHDnHHnD� ;

(17b)

dnH2

dt
¼ 0 ¼ �kHHD

e nHHnD� þ kDHH
e nHDnH� ; (17c)

dnD�

dt
¼ 0 ¼ �dnH

�

dt
¼ kDDH

e nDDnH� � kHDD
e nHDnD�

þ kDHH
e nHDnH� � kHHD

e nHHnD� ;

(17d)

from which it follows that

kHHD
e

kDHH
e

¼ n1HDn
1
H�

n1HHn
1
D�
¼ f1 and

kHDD
e

kDDH
e

¼ n1DDn
1
H�

n1HDn
1
D�
¼ f2: (18)

f1 and f2 are fractionation factors which represent the equili-
brium constants of the isotopic reactions

H2 þD� þ �! �
kHHD
e

kDHH
e

HDþH�; (19a)

HDþD� þ �! �
kHDD
e

kDDH
e

D2 þH�: (19b)

Please note that these are not the same quantities as those
defined in the previous section, but in a similar way they are
not independent of each other because of the isotopic equili-
brium in the gas phase (eqn (1)). By combination of eqn (2) and
(18) it follows that

Kgas ¼ K ¼ n1HDn
1
HD

n1HHn
1
DD

¼ kHHD
e kDDH

e

kDHH
e kHDD

e

¼ f1

f2

: (20)

Let us define the kinetic isotope effect

P1 ¼
kHHD
e

kHDD
e

; (21)

which corresponds to the rate constant ratio of the H transfer
from H2 to D* and of the D transfer from HD to D*. Using
eqn (18) we can then express all rate constants in eqn (21) as

kHDD
e ¼ kHHD

e

P1
; kDHH

e ¼ kHHD
e

f1

;

kDDH
e ¼ kHDD

e

f2

¼ KkHDD
e

f1

¼ KkHHD
e

P1f1

:

(22)

As shown in the ESI† it follows then from eqn (16) and (17)
that

dnD2

dt
¼kHHD

e � K

P1f1

nDDnH� �n1DDn
1
H�

� �
þ 1

P1
nHDnD� �n1HDn

1
D�

� �	 

;

(23a)

dnHD

dt
¼ kHHD

e � 1

f1

nHDnH� � n1HDn
1
H�

� �
� 1

P1
nHDnD� � n1HDn

1
D�

� �	

þ K

P1f1

nDDnH� � n1DDn
1
H�

� �
þ nHHnD� � n1HHn

1
D�

� �

;

(23b)

dnH2

dt
¼ kHHD

e � nHHnD� � n1HHn
1
D�

� �
þ 1

f1

nHDnH� � n1HDn
1
H�

� �	 

;

(23c)
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dnD�

dt
¼ � dnH�

dt
¼ kHHD

e

K

P1f1

nDDnH� � n1DDn
1
H�

� �	

� 1

P1
nHDnD� � n1HDn

1
D�

� �
þ 1

f1

nHDnH� � n1HDn
1
H�

� �
� nHHnD� � n1HHn

1
D�

� ��
:

(23d)

The time dependence of the concentrations of the different
species can be calculated as a function of the parameters kHHD

e ,
P1, f1, and of the initial sample composition. In order to solve
eqn (23) numerically, a MATLAB program was written where the
quantities on the left sides of eqn (23) were calculated as a
function of time using sufficiently small time intervals from the
corresponding quantities at t = 0. The equilibrium values in
eqn (23) can be calculated from the initial sample conditions as
shown in the ESI.† Applications are presented in Fig. 7 and 9.
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