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Abstract

Hydrogen isotope gases are widely used as deuterium sources in industrial manufacturing processes.
It would therefore be beneficial to develop a facile, simple means of selective producing molecular
deuterium (D7) and hydrogen deuteride (HD), although reasonable heterogeneous catalytic
methodologies are still missing. We previously demonstrated that the hydrogen isotope gases was
selectively obtained from formic acid (HCOOH, FA) and D0 using PdAg nanoparticles supported
on mesoporous silica (SBA-15) on which amine functional groups had been grafted. In the present
work, amine-functionalized carbon was used as an efficient support material to provide a catalyst
with improved activity. Employing weakly basic phenylamine groups, D> was predominantly evolved
and the reaction rate was doubled compared with that for our previously reported system. A high
degree of correlation between D> selectivity and the basicity of the grafted amine groups was also
observed. The applicability of the present catalytic system was highlighted by in situ deuteration of
diphenylacetylene in a solution of FA in D>O, during which deuterated products were obtained with

high efficiency.
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Highlights
Hydrogen isotope gases were produced from formic acid and D>O in a controlled manner
PdAg nanoparticles and grafted amine groups acted cooperatively to selectively generate
hydrogen isotope gases
D; selectivity was highly correlated with basicity of the amine moiety on support

This system allowed the in sifu deuteration of diphenylacetylene
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1. Introduction

The establishment of reliable techniques for hydrogen storage and transportation is expected to
achieve a future hydrogen society.[1, 2] In this respect, liquid organic hydrogen carriers are regarded
as feasible alternatives to the conventional physical hydrogen storage.[3-5] Among them, formic acid
(HCOOH, FA) has received considerable attention. This compound exhibits low toxicity, is a
nonflammable and has a high hydrogen content (52 g H, L).[6-8] The employment of FA as a
possible liquid hydrogen carriers could therefore enable reasonable carbon dioxide (CO;)-mediated
hydrogen storage energy cycle through the CO> hydrogenation with H> to regenerate FA.[9-12]
Considerable progress has been made for discovering both homogeneous and heterogeneous metal
catalysts, which are capable of facilitating H» release from FA.[13-18] The selective release of H»
from FA is thermodynamically favored (HCOOH — Hz + CO2, AG = —48.4 kJ-mol "), which is
crucial for the generation of pure H> suppressing undesired dehydration reaction (HCOOH — H20O +
CO, AG =—28.5 kJ-mol!), because the formation of CO contamination poisons the catalyst.

H> is a highly important next-generation energy source. However, gaseous molecular deuterium
(D2) and hydrogen deuteride (HD) are also expensive specialty gases used as reagents for a wide
variety of research purposes.[19] Currently, D; is typically produced by the electrolysis of D>O, which
requires a large amount of energy, while HD is synthesized by catalytic isotope exchange between H»
and D», with a maximum theoretical yield of 50%. Thus, a simple catalytic process for the synthesis
of these compounds would be highly desirable. A number of metal-catalyzed H/D exchange reactions
between H> and D>O have been developed using homogenous metal complex catalysts.[20-22] The
heterogenous Pd/C-catalyzed D> generation from a H>-D>O combination was also investigated by
Sajiki et al.[23] More recently, Fujita et al., developed a catalytic method to produce D> from CD30D
using Ir complex.[24] Interestingly, the generation of hydrogen isotope gases via H-D exchange
reactions in association with the dehydrogenation of FA in D0 using transition metal complexes such
as Ru, Rh and Ir.[25-28] Although some progress has been achieved, high catalyst concentrations are
often required along with expensive deuterated FA analogues, such as HCOOD, DCOOH or DCOOD.
Furthermore, the industrial utilization of homogeneous metal complexes is severely limited owing to
the complications in recycling of the expensive catalyst metals and ligands.

We have previously reported a simple protocol for the release of hydrogen isotope gases from only

pure FA together with D>O as a solvent using PdAg nanoparticles (NPs) supported on amine
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functionalized mesoporous silica SBA-15.[29] Interestingly, the selectivity can be controlled by
changing the amine groups with different basicity. Upon consideration of the experimental data and
of theoretical investigation, a probable reaction pathway for the selective formation of hydrogen
isotope gases is proposed, as illustrated in Figure 1. This process is initiated by the O—H bond
dissociation of an FA molecule on a NP (I) with the assistance of an adjacent amine group to generate
a metal-formate intermediate with a protonated amine group (II).[30, 31] Subsequently, the Pd-
formate species undergoes hydride elimination to generate a Pd hydride and release CO, (III).
Following the addition of D20 to the catalyst in this state, a H-D exchange reaction occurs involving
both the Pd hydride and the basic amine site, as in (IV) or (VII). The possible subsequent reactions
will proceed to different extents depending on the interaction with grafted basic amine moiety. In the
presence of strongly basic —NEt> groups (IV), H-D exchange preferentially occurs at the Pd site
leading to the scenario (V) rather than at the basic amine site leading to (VI). Because the energy
barrier for the formation of intermediate (VI) is much higher than that for (V), HD is preferentially
generated. In contrast, the activation energy values on going from (VII) to form (VIII) and (IX) are
comparable. This allows reactions to proceed at both sites, resulting in the predominant formation of
(IX) such that D, production is favored. Conclusively, the specific hydrogen isotope gas selectivity
is governed by the extent to which the H-D exchange reaction takes place at basic sites around the
active centers.

In the course of our ongoing studies exploring more practical heterogeneously-catalyzed systems,
the work reported herein determined that amine-functionalized carbon provides an efficient support
material for this targeted reaction that exhibits improved activity. This work also confirms that the
preferential formation of specific hydrogen isotope gases can be tuned by changing the amine
moieties with different basicity. Other interesting aspects, including the applications to the in situ

deuteration of diphenylacetylene in an FA/D>O solution are also examined.

2. Experimental Section
2.1. Chemicals: AgNOs3, p-phenylenediamine, sodium borohydride (NaBH4), formic acid (FA) and

sodium formate (SF) were obtained from Nakalai Tesque, Inc. Pd(NH3)4Cl> was purchased from the



Aldrich Chemical Co. Carbon support (Ketjen Black, EC600JD) was obtained from LION Speciality
Chemicals Co., LTD.

2.2. Synthesis of amine functionalized carbon supports (CA-x)[32]: The carbon support (100 mg)
was added into 50 mL of HNOs solution (60 %) and heated at 353 K. After 5h, the resulting
suspension was filtered and washed thoroughly with distilled water until the pH of filtrate reaches 7.
Next, the obtained acid treated carbon (CA, 1.0 g) was combined with 50 mL of acetone containing
p-phenylenediamine (3.24 g) and stirred at RT for two days. After the filtration and washing with
acetone and distilled water for several times, giving CA-5. The use of other amines instead of p-
phenylenediamine, such as N,N-diethyl-1,3-diaminopropane, 1,3-diaminopropane, N,N-dimethyl-
1,3-diaminopropane, gave CA-1, CA-2, and CA-3, respectively. The CA-4 including Schiff base
group (-N=CH>) was obtained by the additional treatment of CA-2 specimen with an aqueous

formaldehyde (HCHO) solution.

2.3. Synthesis of PdAg/amine functionalized carbon (PdAg/CA-x): CA-x (300 mg) was dispersed
in 50 mL of an aqueous metal precursor solution that contained both Pd(NH3)4Cl> (0.01 M, 2.85 mL)
and AgNOs3 (0.01 M, 2.85 mL), and stirred at R.T. After 1 h, the injection of NaBH4 aqueous solution
into the above solution, affording PdAg/CA-x (1 wt% Pd; molar ratio of Pd:Ag = 1:1).

2.4. Characterization: N> adsorption-desorption isotherms, Brunauer—Emmett—Teller surface areas
(SBET), high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
images and energy-dispersive X-ray (EDX) elemental mapping, XPS spectra, and X-ray absorption
fine structure (XAFS) spectra at Pd and Ag K-edge were acquired according to procedures described

previously.[29] Analysis of XAFS data was conducted using the Rigaku REX2000.

2.5. Catalytic FA dehydrogenation: The catalyst (50 mg) was placed into a reaction vessel
containing D,0 (2.6 mL). After the addition of SM FA:SF (9:1) in D>O (0.2 mL), the resulting mixture
was subsequently reacted at 343 K under an Ar atmosphere. The analysis of hydrogen isotope gases
(i.e. H2, HD and D) were conducted by Shimadzu GC-2014 (He carrier) equipped with a TCD using

a Shinwa OGO-SP columns at 77 K [33] Turnover frequency (TOF, h!) values were defied as (mol
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of all hydrogen isotope gases)/(mol of Pd). After the first reaction, catalyst was filtered and dried
under vacuum. The second reaction was carried out using 50 mg of spent catalyst, which is combining

the two sets of first reactions.

2.6. In situ deuteration of diphenylacetylene: PdAg/CA-5 (50 mg), DO (4.8 mL), and
diphenylacetylene (0.1 mmol) were placed into a reaction vessel. After the addition of 5SM FA:SF
(9:1) in D2O (0.2 mL), the resulting mixture was subsequently reacted at 353 K under an Ar
atmosphere. After the reaction, the aqueous filtrate was extracted with Et;0O, dried over MgSOs, and
obtained analytically pure deuterated produces by the concentration in vacuo. The product was

analyzed by "H NMR spectroscopy and the product distribution was determined by GC-MS.

2.7. Calculation of the adsorption energy of FA: Density Functional Theory (DFT) calculations
under periodic boundary conditions was conducted with the DMol® program in the Materials Studio
17.2 interface.[34] The GGA exchange-correlation functional proposed by PBE was combined with
the DNP functions. The experimentally prepared PdAg alloy NPs were modeled as a supercell slab
consisting of a 4 x 4 surface unit cell with three atomic (111) surface layers, in which Pd and Ag
atoms are alternately arranged. The top layer was allowed to relax, while the bottom two layers were
fixed in the geometry optimization process. The slab models have a vacuum space with a thickness
of 30 A. Eaq is defined as Fad = Erasstab — (Era + Esiab), Wwhere Erassiab, Era, and Esiab and are the total

energies of the FA/slab system, free FA, and bare slab, respectively.

3. Results and Discussion
3.1. Synthesis and characterization of catalyst

A series of amine-grafted carbon supports (denoted herein as CA-x, where x = 1-5) were fabricated
by the surface modification procedure. The synthetic procedure is shown in Figure 2. In this process,
the carbon support was immersed with an aqueous HNOj3 solution to produce various surface oxygen-
based functional groups (e.g. -COOH, —OH, and C—O—C). Temperature programed desorption (TPD)

experiments under He flow conditions showed the peak of CO> (m/z=44) at around 350 °C, which is
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ascribed to carboxyl group (-COOH), and the peak of the CO (m/z=28) at around 500 °C and 750 °C,
which are attributed to hydroxyl (-OH) and ether (C-O-C) groups, respectively (Figure S1).[35] Ina
typical reaction, these groups were subsequently reacted with p-phenylenediamine to afford amide
and C-N bonds, affording CA-5. The use of other amines having different basicity values, including
N,N-diethyl-1,3-diaminopropane, 1,3-diaminopropane and N,N-dimethyl-1,3-diaminopropane gave
CA-1, CA-2 and CA-3, respectively. The CA-4 involving Schiff base functional group (-N=CH>),
was produced by the modification of CA-2 by reaction with aqueous formaldehyde. These supports
were subsequently immersed in precursor solutions of Pd and Ag, and then conducted a chemical
reduction with aqueous NaBHj4 solution. The obtained specimens are represented as PdAAg/CA-x (x =
1-5). The amount of N content in each material was estimated to be approximately 0.6 mmol-g™! by
CHN elemental analysis, as summarized in Table S1, which accompanied with the surface amine
contents. The Sger and pore volumes (Vp) for the specimens obtained from the N>
adsorption/desorption are shown in Figure S2 and Table S2. The Sger and V), of original unmodified
carbon were 1487 m?.g™! and 3.9 cm?-g!. The acid treatment slightly decreased (Sger = 1203 m?-g’!,
Vy = 2.9 cm®-g’!), while the subsequent amine functionalization significantly declined (Sger = 479
m?-g'!, ¥, = 2.0 cm®-g!). The deposition of the catalyst metals resulted in further decrease (Sper =
407 m*>g!, V, = 1.9 cm?-g!). The functionalization with other amine groups also provides similar
results (Figure S3 and Table S3). The monometallic Pd/CA-5 without the alloying by Ag and the
PdAg/C without the amine modification were also synthesized by similar method.

A HAADF-STEM image of the PdAg/CA-5 are shown in Figure 3a. The generated PdAg NPs
were apparently well distributed with a narrow size distribution, in which a mean particle size was
determined to be 5.6 nm. The EDX mapping of a selected area shown in this figure also demonstrate
that the N atoms were highly dispersed on the support material and that the white particles seen in the
image were composed of Pd and Ag (Figure 3b-e). The STEM images of the other PAAg/CA-x (x =
1-4) specimens also indicated good dispersion of the PdAg NPs and that these NPs had average
diameters of 4.5-6.5 nm (Figure S4). These results confirm that variations of the grafted amine groups
with different basicity induced the different interaction with precursors, which affected not only the
initial generation of the Pd nuclei but also the successive growth of these NPs with varied sizes.

The shapes of X-ray absorption near edge structure (XANES) spectra of the prepared PdAg/CA-

1 and PdAg/CA-5 at the Pd K-edge differed from that obtained from metallic Pd foil but resembled
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that for PdO (Figure 4A). The extended X-ray absorption fine structure (EXAFS) spectra of both
specimens displayed two distinct peaks due to the Pd—O(N) bonds in the vicinity of 1.6 A and Pd—Pd
bonds at around 2.7 A (Figure 4B). The contiguous Pd—Pd bond distance in these specimens were
also found to be slightly larger than those in Pd foil, confirming that Pd—Ag bonds with longer
distances were present. The peak at shorter distance is considered to be partly due to Pd-N
contribution, which is originated from the interactions with the surface amine groups.[32] The
XANES spectra of the PAAg/CA-1 and PdAg/CA-5 at Ag K-edge were resemble to that for the
reference Ag foil (Figure 4C). In addition, the Ag K-edge EXAFS spectra of our prepared specimens
exhibited a single peak attributed to the Ag—Ag bond centered at around 2.7 A (Figure 4D). The
slight shift toward a shorter distance compared to that for reference Ag metal indicates the existence
of Pd—Ag bonds with longer interatomic distances. Furthermore, the Pd 3d peaks of the PdAg/CA-1
and PdAg/CA-5 were shifted to higher binding energies in comparison to that of PdAg/C without
amine functionalization, and a similar tendency was observed in the case of the Ag 3d peaks (Figure
S5). These results confirmed that the surface amine groups in the vicinity of the supported PdAg NPs

altered their electronic states.

3.2. Selective production of hydrogen isotope gases

The time courses for the gas evolution during the dehydrogenation of FA in D>O solutions
containing FA:SF (9:1) at 343 K are plotted in Figure SA. In addition, the selectivities for H,, HD
and D> are summarized in Figure SB. The ratio of the total moles of hydrogen isotope gases to moles
of CO2 was constantly almost 1 for each sample. Note that the undesirable CO formation reaction can
be suppressed to <2 ppm (the detection limit of the GC). The PdAg/CA-5, which has weakly basic —
PhNH; groups, displayed the highest activity along with the preferential generation of D> with 84%
selectivity. D selectivity increased with increasing the amount of D>O solvent, accompanied with the
decrease of TOF (Figure S6). The catalytic activity shown by the monometallic Pd/CA-5 was low.
This outcome established that alloying with Ag showed the promotional effect in the C—H bond
dissociation step occurring during the dehydrogenation of FA, as discussed previously.[30, 36] The
use of PdAg/C gave lower activity and reduced D: selectivity (66%), providing further evidence for
the importance of the surface amine groups in terms of promoting the O—H bond dissociation step

and in determining selectivity. The catalytic activity of PdAg/CA-5 was more than twice that obtained
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for the PdAg/SA-5 catalyst (dave = 4.5 nm, Sger = 635 m>-g’!, ¥, = 1.2 em®.g’!) employed in our
previous work. The latter material was prepared by surface modification of mesoporous silica (SBA-
15) substrates with aminophenyltrimethoxysilane.[29] Moreover, the unsupported PdAg NPs,
prepared by the NaBH4 chemical reduction of metal precursors in the presence of PVP, showed
almost no activity because of the aggregation into larger particles under the catalytic reaction
conditions.

In the preliminary experiments, the use of Ketjen Black provided better activity compared with
other carbon supports, such as Shirasagi and Vulcan X. The activated carbon Shirasagi has larger size
distribution of particles and possesses microporous structure. The particle size of Vulcan X is uniform,
but the specific surface area is not high enough (Sper =270 m?/g) because of the lack of porosity. On
the contrary, Ketjen black possesses both mesoporous channel and uniform microporous structure,
which presumably allows the efficient adsorption of reactants.[37]

The influence of the different amine groups on the selectivities for the resulting hydrogen isotope
gases are examined, as shown in Figure 5C, along with the TOF (h™") based on the Pd employed. The
selectivity could evidently be altered by changing the type of amine; the PdAg/CA-1, which was
modified with strongly basic —NEt, groups, showed 51% D- selectivity, while 87% selectivity was
observed when using PdAg/CA-5 having weakly basic —\PhNH> groups. The hydrogen isotope gases
can be generated with high reproducibility; the standard deviations of D> selectivity are 1.70, 0.81,
1.53, 1.01, 1.29, and 1.34 for PdAg/CA-x (x=0-5), respectively. The TOF was also affected by the
kind of the amine functional groups such that the TOF attained with PdAg/CA-5 was 688 h™!, in which
amine surface contents rather than basicity is a crucial factor, as discussed later. This value was higher
than that attained with PdAg/CA-4 by a factor of 3. It should be noted that the attained high D>
selectivity is higher or comparable than those obtained via the dehydrogenation of FA in D,O using
transition metal complexes such as Ru, Rh and Ir, although they employed expensive deuterated FA
analogues, such as HCOOD, DCOOH or DCOOD, as summarized in Table S4. [25-27]

To better understand the differences in selectivity, the FA adsorption energy (Ea.q) was determined
based on density functional theory calculations for each material. This parameter was used because
the adsorption energy reflected the basicity of the amine group owing to the formation of a FA—amine
complex via hydrogen bonding.[31] The Eaq over CA-1 (having —NEt; groups) was -2.24 eV and so

was significantly higher than the value of -1.23 eV for CA-5 (with -PhNH> groups). Interestingly, we
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found a good relationship between the selective D2 evolution and Eaq, in which the D» preferentially
obtained with increasing Faq (Figure 5D). On the contrary, no evident correlation was observed
between the selectivity and the mean size of PAAg NP as estimated by HAADF-STEM analyses
(Figure S7). Furthermore, the D> selectivity was found to be approximately 90% independent of the
quantity of phenylamine groups grafted onto PdAg/CA-5, although the TOF increased with increasing
amount (Figure SE). These results evidenced that the basicity of the amine moieties on the periphery
of the active centers played an important role in determining the selectivity as opposed to the intrinsic
catalytic ability of the metal NPs. In a separate experiment, PdAg/CA-5 was simply isolated from the
reaction medium and the spent catalyst could be reused while keeping its activity and preferential D
selectivity (Figure SF). Thus, the amine groups appear to have been thermally and mechanically
stable on the carbon support, which would also be expected to stabilize the PdAg NPs. On the contrary,
a physical mixture of PdAg/C and p-phenylenediamine showed minimal activity, and the performance
of this material was further decreased during a second usage after the recovery of the powdered
catalyst from the reaction medium.

The ability to perform the subsequent chemical reactions in the same reaction vessel is a
promising approach to sustainable chemistry and the lacking of isolation steps of intermediates can
reduce time and energy expenditures as well as waste production.[24, 27, 38, 39] To assess this
possibility, the present catalytic system was applied to the simple and efficient in sifu deuteration of
diphenylacetylene. The reaction proceeded smoothly in the presence of PdAAg/CA-5 and D>O solution
containing FA:SF (9:1) for 6h, where the product with 95% D content was obtained in 99% chemical
yield, as confirmed by 'H NMR (Figure S8). This activity is higher than that attained with our
previously reported PdAg/SA-5, which was prepared by the amine modification of SBA-15, in which
the deuterated product was obtained with 79% D content for 6h. The activation energy (£.) for the
deuteration of diphenylacetylene using PdAg/CA-5 and D,O-FA determined from Arrhenius plots,
was 35.6 k] mol !, as shown in Figure S9. This value is larger than 26.9 kJ mol ! for hydrogenation
of diphenylacetylene using PdAg/CA-5 and H,O-FA, indicating D>O acts not only as solvent, but
also as reagents for the deuteration.

Next, the effect of deuterium source was investigated. Figure 6A shows the possible deuterated
compounds and their corresponding molecular weights (MWs). The product distributions obtained

from these trials were using the intensity of fragment ion peak based on m/z determined by GC-mass
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spectrometry (MS), as provided in Figure 6B. The deuteration reaction of diphenylacetylene by
PdAg/CA-5 in the combination of FA-D>O afforded the distribution of deuterated product with m/z
=186 is 60% for 3h. On the contrary, the introduction of gaseous D> into an H>O solution retarded the
reaction and exhibited low deuteration efficiency. The specificities for the products with m/z =186
and 182 were 3% and 71%, respectively, after 6 h. The reaction using Hz gas together with a D>O
solution afforded 54% specificity for the m/z =186 product but required a longer reaction time
compared with that needed for the FA/D>O system. These results indicate that the present FA-D>O
system is the metal-catalyzed transfer hydrogenation and the mechanism involving the in situ
generated H> gas from FA decomposition are minor pathway. Moreover, one possible reason for the
high activity exhibited by the FA/D>O system is the two-phase nature of this process, comprising a
solid catalyst together with liquid FA and D0O. This scenario likely facilitated the H-D exchange
reaction compared with three-phase systems including a solid catalyst, liquid H2O or D20 and gaseous

H> or Ds.

4. Conclusion

This work demonstrated the selective generation of hydrogen isotope gases via FA
dehydrogenation in D>O by adjusting the grafted amine groups. This was accomplished based on the
cooperative action on a PdAg nanocatalyst dispersed over an amine-functionalized carbon-based
support. The amine groups grafted onto the support were found to be crucial and the selectivity was
determined to vary with the basicity of these groups. Specifically, the selectivity for D, increased with
decreasing basicity. The in situ deuteration of diphenylacetylene using PdAg/SA-5 together with FA
and D>O proceeded smoothly, giving a highly deuterated product in excellent chemical yield. This
study provides important insights into the catalyst design and further reveals a promising
heterogeneous catalyst system for this particular chemical reaction. Further application of the present

catalytic system is now under investigation.
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Figure 1. A proposed reaction mechanism for the selective release of hydrogen isotope gases (D> and
HD) during the FA dehydrogenation in D>O using a PdAg catalyst in the presence of (a) strongly and

(b) weakly basic amine groups. The activation energy (E,, in eV) is provided for each elementary step.

18



)

CA-x (x=1-5

)

=)

X (x=1

PdAg/CA-

CA-5

CA-3 CA-4
— BaSiCity —

CA-2

CA-1

weak

strong

Figure 2. [llustrations summarizing the synthetic procedure used to produce a series of PdAAg/CA-x

(x = 1-5) specimens.
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Figure 3. (a) AHAADF-STEM image of the PdAg/CA-5 and (b) a STEM image of the area indicated
by the yellow square in (a). EDX maps of (c) Nitrogen (N), (d) Palladium (Pd), and (e) Silver (Ag)

over the region shown in (b). The yellow arrows in (a) means the PdAAg NPs.
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Figure 4. (A) Pd K-edge XANES and (B) EXAFS spectra obtained from (i) PdAg/CA-5, (ii)
PdAg/CA-1, (iii) Pd foil, and (iv) PdO. (C) Ag K-edge XANES and (D) EXAFS spectra obtained
from (i) PdAg/CA-5, (i1) PdAg/CA-1, and (iii) Ag foil.
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Figure 5. (A) Time courses of FA dehydrogenation reactions in DO at 343 K for 30 min. (B) Effects
of alloying and amine functional groups on hydrogen isotope selectivity. (C) Hydrogen isotope
selectivity obtained by PdAg/C and PdAg/CA-x (x = 1-5) in D,0 at 343 K for 30 min, and TOF values
based on Pd. (D) Correlation between D; selectivity and basicity of amine group as calculated by Eaq
of FA. (E) Effects of the amount of phenylamine on hydrogen isotope selectivity and TOF values
based on Pd using the PdAg/CA-5 in DO at 343 K for 30 min. (F) Hydrogen isotope selectivity and

TOF values based on Pd during recycling experiments with PAAg/CA-5 and a physical mixture of
PdAg/C and p-phenylenediamine.
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Figure 6. (A) Possible deuterated diphenylacetylene compounds and corresponding molecular weight
(MW) values. (B) The product distribution as demonstrated by the intensity of ion peaks at various
m/z. Data were acquired by gas chromatography/mass spectrometry following the in situ deuteration

of diphenylacetylene in the presence of PAAg/CA-5 for 3 h.
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