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DFT Comparison of N-Nitrosodimethylamine
Decomposition Pathways Over Ni and Pd

V. A. Ranea,™® " T. J. Strathmann,“® J. R. Shapley,® ¢ and W. F. Schneider*®

Il M please insert the academic titles of the authors Il lRecent
experimental studies report rapid and efficient reduction of N-
nitrosodimethylamine (NDMA) and related aquatic micropollu-
tants mediated by palladium (Pd) and nickel (Ni) surfaces, but
differing mechanisms have been reported for the surface reac-
tions. Here, NDMA adsorption and fragmentation on Ni and Pd
surfaces has been studied using supercell slab density func-
tional theory (DFT) calculations. NDMA adsorbs in two stable
configurations on each surface. Upright binding through the

1. Introduction

There are growing concerns about the presence of numerous
emerging classes of micropollutants in drinking water sources.
The recent detection of N-nitrosodimethylamine (NDMA) and
related N-nitrosamines in drinking water sources has received
a great deal of recent attention because of their potent carci-
nogenicity!” and other health effects including diabetes, foetal
malformations, and accute tissue injury.? Although currently
unregulated as drinking water contaminants, they are consid-
ered much more potent carcinogens than the regulated triha-
lomethane disinfection byproducts.”

Although the toxicity of NDMA has been known for many
years, recent focus has resulted from studies showing its pres-
ence as a widespread aquatic contaminant due to its formation
during wastewater and drinking water disinfection processes.”
A great deal of effort is under way to-understand the mecha-
nisms and precursors controlling ‘the formation of NDMA
during these processes.®" Relatively high concentrations of
NDMA are formed during. chlorination of wastewater that is
rich in ammonia and organonitrogen precursors. This raises
special concerns for municipal wastewater reuse and drinking
water facilities whose source waters are impacted by upstream
wastewater treatment operations.”'? It has also been detected
in high concentrations in groundwater near rocket engine test-
ing facilities.”

The concerns about NDMA have raised interest in the devel-
opment of effective control technologies for water treatment
and remediation. Conventional treatment techniques (biodeg-
radation, adsorption, chemical oxidation, and air stripping) are
ineffective for NDMA.®' Currently, ultraviolet (UV) treatment is
the most commonly applied NDMA treatment technology, but
effective treatment requires very high levels of irradiation com-
pared with dosages needed for disinfection.? '™

Recent studies have reported the rapid degradation of
NDMA by metal-catalyzed reductive transformation.'**? Previ-
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NO fragment is slightly preferred energetically and provides
entrance to an exothermic N—O dissociation pathway with
moderately high activation barriers. Flat binding through the
NNO plane is somewhat less favorable but leads to a facile and
exothermic dissociation across the N—N bond. These results
suggest that both mechanisms are in competition and may
contribute to the observed catalytic reduction of NDMA over
these metals in aqueous solution.

ously, rapid reduction of various N-nitrosamines to their corre-
sponding amines by a variety of metals, including nickel-alumi-
num alloys in strong alkali (Raney Ni), has been reported.'*'
Gui and co-workers"®'” reported that the slow reduction of
NDMA by zerovalent iron was markedly enhanced by plating
0.25 percent Ni on the surfaces of the iron grains that act as
hydrogenationcatalysts. More recently, Ni and Pd materials
have been shown to catalyze the reduction of NDMA by exog-
enous hydrogen.®1%2"22 Catalyst activities for NDMA reduc-
tion in hydrogen-saturated solutions have been reported for
Raney Ni (78 Lgy "h™"), nickel-boron (30 Lgy'h™"), granular
nickel 8 Lgy'h™"), 1 and 5wt% Pd on alumina support
(12Lgpe"h™"), 1% Pd-03% Cu (67 Lgeq 'h™"), and 5% Pd-
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1%In (47 Lgpy 'h™").'®7°222 mEDo you mean wt%?HM
These catalyst activities correspond to, for example, an NDMA
reaction halflife of 1.5 min with 500 mgL~' Raney Ni.

Although the above studies reported high activities for Ni-
and Pd-containing materials, different mechanisms have been
proposed for the reductive decomposition of NDMA at the
metal surfaces. Lunn et al™ and Greene et al." reported that
the reduction of N-nitrosamines by Raney Ni in strong alkali
and other metal systems proceeds by an initial N-O bond
cleavage to form the corresponding hydrazine intermediate
(dimethyl hydrazine for NDMA), which was subsequently re-
duced to ammonia and an amine (dimethylamine for NDMA)
[Eq. (M-(5):

ONN(CH,),** — O™-+NN(CH,),* (1)
Hy*! — 2H™ (2)
H24 4+ NN(CH;),™ — N(H)N(CH;),* (3)
3H¥4N(H)N(CH;),* —— NH;+HN(CH,), (4)
2H¥+0* —— H,0 (5)

In contrast, others report no observation of dimethylhydra-
zine as an intermediate in NDMA reductions at circumneutral
pH in the presence of Ni- and Pd-based hydrogenation cata-
lysts, including Raney Ni.”? Rather, the reduction of NDMA was
proposed to proceed by an initial N-N bond cleavage to form
dimethylamine (DMA) and nitric oxide (NO), the latter of which
is then reduced to ammonia or dinitrogen [Eq. (6)-(9)]:

ONN(CH;,),** — NO*+N(CH,),™ (6)
H*4+N(CH5),* — HN(CH;), (7)
4H“+2NO* —— N,+2H,0 (8)
5H*+NO* —— NH;+H,0 (9)

Mixtures of N, and NH; are also observed in the catalytic re-
duction of nitrite.and nitrate over similar catalysts, and are sim-
ilarly proposed to arise from intermediate generation and re-
duction of NO.# %!

In this contribution we use plane-wave, supercell density
functional theory (DFT) calculations and transition-state search-
es to contrast the first steps in-the proposed alternative mech-
anisms for reductive decomposition of NDMA on model Ni and
Pd metal surfaces [Equations (1) and (6)]. We characterize both
molecularly and dissociatively adsorbed NDMA products, as
well as activation barriers for dissociation. We find that NDMA
adsorbs competitively in two conformations and that each
leads to different dissociation products. Dissociation across N—
N and N—O bonds are both exothermic, but the former has a
lower barrier on both metals. Kinetic selectivity of the N—N dis-
sociation pathway is greater on Pd. The results are consistent
with two competing dissociation pathways for NDMA on these
metals.
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2. Computational Details

First-principles total-energy calculations were performed using
density-functional theory (DFT) as implemented in the Vienna
ab initio simulation package (VASP).?*?” The Kohn-Sham equa-
tions were solved by using the projector-augmented wave
(PAW) approach for describing electronic core states®®*! and a
plane-wave basis set including plane waves up to 400 eV. Elec-
tron exchange and correlation energies were calculated within
the generalized-gradient approximation (GGA) in the Perdew-
Wang 91 form.B” Atomic relaxations are considered converged
when the forces on the ions are less than 0.03 eVA™".

The systems were modeled by hexagonal supercells with lat-
tice constants: a=7.471 and ¢=20.334 A for Ni and a=8.390
and ¢=22.834 A for Pd. The surfaces were modeled by four-
layer-thick slabs separated by more than 15 A vacuum regions
to avoid interactions between the slabs. The two topmost
layers were allowed to relax. A p(3x3) surface supercell was
used to minimize lateral interactions. The first Brillouin-zone of
the supercell'was sampled with a (6x6x1) I'-centered mesh.

The adsorption energy is calculated as the difference be-
tween the total energy of the isolated adsorbate on Il lok?
l the clean, relaxed surface and the adsorbate-slab system in
the optimal configuration, unless'stated otherwise. We used
the climbing-image nudged elastic band (cNEB) method to cal-
culate the minimum energy pathways (MEP) and transition of
states (TS) for NDMA fragmentation.?"3? Following the con-
struction of an initial MEP between molecular and dissociative
NDMA adsorption by using linear interpolation, an initial NEB
calculation was performed in order to locate the MEP. After
this initial step, a cNEB calculation was used to force one
image to the transition state, which was converged to
0.05eVA~".

3. Results and Discusion
3.1. Molecular NDMA adsorption

Consistent with experimental observations, calculations re-
vealed that NDMA has a planar core, indicative of m conjuga-
tion extending across the entire molecule (Figure 1). The calcu-
lated geometric parameters compared well with experimental
electron diffraction results (Table 1).”” NDMA is both structural-
ly and electronically similar to the parent nitrosamine, H,NNO,
and previous calculations show that the bonding can be de-
scribed in terms of partial double bonds extending across N—N
and N-O fragments.®® The N-N and N—O bond lengths are
consistent with this description. The calculated energies to ho-
molytically cleave the NDMA N—-N and N-O bonds are 2.60
and 4.74 eV, respectively, suggesting the former may be the
more likely locus of initial decomposition. We identified both
upright and flat adsorption modes on the Ni(111) and Pd(111)
surfaces. As shown in Figure 1, the former is slightly energeti-
cally preferred to the latter. In this mode the adsorbate is per-
pendicular to the metal surface, and the N—O bond bridges
two metal atoms on the surface. Il llok? ll Ml Binding is stron-
ger on the Ni surface (—0.81 eV) and the N—O and N—N bonds
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N-O 1302  N,-N,-0 1126 N0 1.320  N,-N,-0 109.6°
N,-N, 1.329 N-N, 1.511
Ni-0 2.014 Ni-0 1.955
Ni-N, 1.885 Ni-N, 1.927
Ni-N, 2.039 &

-0.81eV -0.68 eV
N-O 1270  N-N,-0 114.1° N-0 1276  N,-N,-0 110.4°
N,-N, 1.323 NN, 1.523
Pd-0 2.357 U Pd-0 2.210
Pd-N, 2.113 Pd-N,2.128

Pd-N,2214

-0.58 eV -0.41 eV

Figure 1. Computed structures of isolated and in upright and flat modes ad-
sorbed N-nitrosodimethylamine (NDMA) on Ni (top) and Pd (bottom). Bond
lengths in A.

Table 1. Calculated and experimental” NDMA bond lengths (A) and
angles (°).
Calculated Experimental
O—N 1.24 1.23
N—-N 1.35 1.34
N—-C 1.45 1.46
C—H 1.10
O-N-N 115.6 113.6
N-N-C 116.1 116.4
N-N-C 122.9
C-N-C 121.0 123.2

are modified by +5 and —1%, respectively, from the gas-phase
values. Binding is weaker on Pd (—0.58 eV) and bond-length
variations are commensurately less. In the less-preferred flat
binding mode, the O—N—N adsorbate plane is nearly parallel to
the surface and each binds atop a surface Pd. Adsorbate dis-
tortions are greater in this mode: on Ni, the N-O and N—N
bond lengths are increased by +6 and +12% from their gas-
phase values and on Pd by +3 and +139%, respectively. More
notably, NDMA becomes pyramidalized at the N(CH;), nitro-
gen. Adsorption energies for this flat mode are —0.68 and
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—0.41 eV on Ni and Pd, respectively. It is worth noting, that
H,O molecular adsorption energies at these two surfaces, cal-
culated with the aid of a comparable model, are approximately
—0.3 eV/H,0,%¥ or about half that of NDMA. We expect molec-
ular adsorbed NDMA to compete favorably with water for sur-
face sites.

To explore the influence of steric effects on the geometry of
the NDMA adsorbate, we compared results for the less-hin-
dered H,NNO nitrosamine on Pd (Figure 2). Replacing methyl

N0 1.235  N,-N,-0 1165 N,-O 1.290  N,-N,-O 108.2°
NN, 1.322 N,-N, 1.462
Pd-0 3.411 Pd-0 2.200
Pd-N, 2.061 Pd-N, 2.113
Pd-N,2.162

-0.73 eV -0.70 eV

Figure 2. Computed adsorption modes of N-nitrosoamine on Pd.

groups with hydrogen increases the ‘stability of both upright
and flat binding modes. Without the bulkier methyl groups,
the flat-bound molecule is able to approach the surface slight-
ly more closely while decreasing the pyramidalizing distortion
about the reduced N center. Adsorption is strengthened by
almost 0.30 eV..Changes are even more pronounced in the up-
right case, where the smaller H substituent allows the adsor-
bate to tilt upright, binding N-down atop a single Pd, in a
mode similar to atop-bound NO. Binding becomes stronger by
0.15 eV. Steric effects clearly play a role in controlling nitrosa-
mine bonding interactions with these surfaces.

3.2. Dissociative NDMA adsorption

Figure 3 contrasts the energy surfaces for NDMA dissociation
across the N—O (Reaction 1) and the N—N (Reaction 6) bonds
over Pd. NDMA dissociates exothermically along either path.
The N—O route produces adsorbed O and NN(CH,), fragments
with an overall reaction energy of —1.39 eV with respect to iso-
lated NDMA. Both products prefer to bind in three-fold hollow
surface sites; NN(CH;), adsorbs upright with slight pyramidali-
zation about the dimethyl N and N—N separation is essentially
unchanged from its initial 1.32 A value. The N—N path produ-
ces adsorbed NO and dimethly amine, N(CH;),, in a route that
is —1.49 eV exothermic. NO is known to bind strongly to Pd,
preferably upright and linear in a three-fold site, although an
atop and bent adsorption mode is also possible.?> N(CH,),
adopts a bridge site, straddling two surface Pd, to achieve
four-fold coordination about N; binding atop a single Pd is
0.4 eV higher in energy. These results show that dissociative
NDMA adsorption over Pd is quite strongly preferred over mo-
lecular adsorption, but the similar overall energetics of the two
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Figure 3. Calculated NDMA dissociation pathways on Pd.

dissociation pathways provides little insight into the prefer-
ence for one route over the other.

To contrast the kinetics of these two reaction paths, we con-
structed minimum energy dissociation pathways (MEPs) and
identified transition states using the nudged elastic band
method (Figure 4). For the N-O route, we start from the up-
right-bound NDMA adsorbate and consider a path that leads
to O and NN(CH,), products in first-nearest-neighbor three-fold
sites. The MEP is initially flat, as the NDMA molecule reorients
in preparation for N—O cleavage. The energy rises to the transi-
tion state in concert with a 0.5 A stretching of the N—O bond.
Past the transition state, the energy drops as the two frag-

1.2¢

0.8

0.4}

| NO=1.270A NO=1.764 A

Energy (eV)

] NO=3.1594

NN =1.784 A

Energy (eV)

0.027

N-N path

0.0 NN=1981A

Reaction Coordinate

Figure 4. NEB-calculated NDMA dissociation barriers on Pd.
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ments fall into their preferred
three-fold coordination sites, ul-
timately separated by 3.2 A. As
shown in Figure 3, further diffu-
sion of the products away from
the surface lowers the energy by
another 0.2 eV, a value typical of
first-nearest-neighbor repulsion
energies. The overall activation
energy is calculated to be a sub-
stantial 1.33 eV. Diffusion barriers
were. not calculated here, but
are expected to be substantially
less than the dissociation barrier.

The N-N route begins from
the flat-bound NDMA state. We
identified a product state in
which NO and N(CH,), frag-
ments are bound atop neighbor-
ing Pd atoms, Il lok? M both
in a bent configuration
(Figure 4). The N—N bond increases smoothly along the MEP
by 0.27 A at the transition state. The energy decreases as the
fragments separate to a distance of approximately 2.0 A, slight-
ly closer than the underlying Pd—Pd separation. The barrier for
this dissociation is a miniscule: 0.06 eV. Although we verified
that this is a true transition state, the barrier is small enough
that factors not included in the model, such as interference
from the aqueous environment, may have a significant effect
on the absolute rate. With reference to Figure 3, moving the
products from this atop-atop configuration to the preferred
first-nearest-neighbor three-fold sites lowers the energy an ad-
ditional 1 eV. As noted above, NO and N(CH,), prefer three-fold
sites but can also adopt atop binding sites; this geometrical
flexibility is likely to aid relaxation of the initially formed disso-
ciation intermediate. Il ok?’HHE

Comparing these two results, we see that the N—N dissocia-
tion pathway has a substantially smaller activation energy than
the N—O pathway. A cautious comparison of the Arrhenius fac-
tors indicates that at room temperature the N—N route would
be 21 orders of magnitude faster than the N—O route. Given
the simplicity of the models of the interface and the computa-
tional and theoretical uncertainties in the computed barriers,
the DFT results strongly suggest a decomposition mechanism
dominated by the dimethylamine (DMA)+NO route over Pd.
HEok’HE

Shown in Figure 5 is the computed energy landscape for the
decomposition of NDMA over Ni. The first thing to note is the
large difference in energy scales between Figures 3 and 5. Ni
binds NDMA itself and all dissociation intermediates more
strongly than Pd, and dissociation across either the N—O or the
N—N bond is quite exothermic. Although the N—O path is
slightly less favorable energetically over Pd than over Nj, it is
0.9 eV more exothermic than the N—N dissociation on Ni and
more than twice as exothermic as the N—N dissociation on Pd.
H Eok?H M These trends reflect the high oxophilicity of the
Ni surface; most of the difference between Pd and Ni can be

N-N path —>
N-O path --->
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proceeds from upright-bound
NDMA and terminates with
N-N path —> NN(CH,), and O products in first-
N-O path ---> nearest-neighbor three-fold sites.

The greater overall exothermicity
of the N-O cleavage pulls the
transition state down in energy,
so that the activation barrier de-
creases to 0.56 eV. Diffusion of
products away from neighboring
sites lowers the energy by an-

Molecular
adsorption

1% nearest neighbor
dissociated

_>

Figure 5. Calculated NDMA dissociation pathways on Ni.

attributed to the 1eV greater binding energy of O to the
latter. Despite the difference in energetics, product structures
are similar to those identified on Pd. The N—N route also leads
to product states similar to those found on Pd, but here the
energy change from metal to metal is a more moderate 0.5 eV,
consistent with the more moderate difference in NO adsorp-
tion energies between Pd and Ni. Thus, for Ni, energy consider-
ations favor dissociation across the N—O bond over the N—N
bond dissociation.

As with Pd, we used the NEB method to search for transition
states along the N—O and N—N dissociation paths (Figure 6).
Results are again qualitatively similar to Pd. The N—O route

1.0 " T
N- O path .
E 0
&
5 NO = 1.649 A
c
w10t
NO=1.302 A %
2.0 NO =2.903 A
0.2
o N
8 0.1 ]
o NN =1.932 A
c
w L
0 & NN =1.633A
NN=1511A

Reaction Coordinate

Figure 6. NEB-calculated NDMA dissociation barriers on Ni.
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-2.05 other 0.2eV. The N-N route

shifts in.the opposite direction.

[T Again, the MEP proceeds from
-2.94

flat-bound  NDMA and termi-
nates with NO and (CH,), frag-
ments in first-nearest-neighbor
atop sites, with a N—N separa-
tion of 1.63 A at the transition
state and a final N—N separation
of 1.93 A. The smaller Ni lattice
constant causes these numbers to decrease in comparison to
the Pd case, and repulsive neighbor interactions thus push
both transition and final states up.in-energy. The dissociation
barrier over Ni is 0.23 eV, still moderate but four-times larger
than over Pd. These atop fragments relax into nearest-neigh-
bor three-fold sites, lowering. the energy by 1.5 eV. Further dif-
fusion to greater separations has minimal effect on the energy.

Over Ni, the N—N cleavage has a lower barrier than N-O,
but the difference between the two is much less than on Pd,
in large parts because of the quite exothermic adsorption of O
on Ni. The overall activation energies of both pathways are rel-
atively moderate, however, and these results are consistent
with both..pathways contributing to NDMA decomposition
over Ni.

4. Conclusions

Supercell DFT calculations show that NDMA molecularly ad-
sorbs at Pd and Ni surfaces with moderate adsorption energies
and in two competing adsorption configurations. Dissociative
adsorption by means of Equation (1) or Equation (6) is exother-
mic on both surfaces. Over Pd, dissociation across the N—O
bond produces adsorbed dimethylhydrazine and O. N-O bond
dissociation has a considerably higher activation barrier than
the dissociation across the N—N bond, which produces dime-
thylamine and NO. Kinetics thus appear to favor the N—N dis-
sociation route over Pd catalysts. The situation is more com-
plex over Ni: the strong affinity of Ni for O decreases the acti-
vation energy along the N—O cleavage route, whereas the
smaller Ni lattice constant pushes up the N—N dissociation bar-
rier. The latter remains kinetically preferred, but by a sufficient-
ly small amount that both pathways are likely to compete. The
preferred route over Ni is thus likely dependent on the catalyt-
ic details: particle morphology, coverage of adsorbates, and
composition of the reaction environment. The results show
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that such features must be taken into careful consideration
when accessing competing reaction mechanisms.

The results indicate that NDMA decomposition is facile over
either metal without the direct participation of hydrogen as a
reductant. Although the calculations are performed in the ab-
sence of any solvating water, it is likely that, given the very
strong decomposition tendencies, this conclusion is robust to
the inclusion of H,0. Water and especially hydrogen clearly
play important roles in the subsequent reduction of the de-
composition products, and the overall kinetics of reduction to
N, or NH; are likely to be determined by reaction steps
beyond the NDMA dissociation. Current work in our group fo-
cuses on elucidating these subsequent reduction steps.
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Figure it out: DFT calculations are used
to contrast the contributions of N—N
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and N—O bond cleavage to the catalytic -
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