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This supplementary information gives results of electronic structure calculations and
the BLYP-D3/TZV2P DFT study of this work on NyOj5 systems and details the water
slab model employed to simulate a thin film of water as well as the slab with NyOs
adsorbed. A comparison is made with geometrical properties determined via higher
level DF'T and non-DFT methods. Comparison is also made amongst different levels

of theory in determining the effect of the size of the water cluster upon the geometry
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of dinitrogen pentoxide. Finally properties of the model used for the film of water are

characterized both with and without the oxide adsorbate.

Electronic Structure of NyOgs. Table S1 lists equilibrium structural data
for gaseous NyOj5 in Cy symmetry obtained from ab initio calculations employing
density functional theory (mostly the B3LYP functional) and compares those results
with the BLYP-D3/TZV2P data of this work (column 1) and the experimental gas
phase electron diffraction values (column 2). Refer to Figure S1 for numbering of
the atoms of dinitrogen pentoxide. The equilibrium structure given by the B3LYP
functional reproduces the experimental values very well over a number of split-valence
basis sets though B3LYP consistently overestimates the bridge N—O—N bond angle
by 3° and underestimates the two torsions by a few degrees. The other BLYP study
employed the TZ2P basis which is seen to be somewhat inferior to the current BLYP-
D3/TZV2P study. However when TZ2P is combined with the B3PW91 functional,
excellent agreement is obtained with the electron diffraction results. Table S2 gives
the corresponding equilibrium structural data on N,O5 obtained via non-DFT meth-
ods, notably MP2, with one coupled cluster study and one quadratic configuration
interaction study included. The MP2 results overestimate all bond lengths, underes-
timate the torsions, and generally underestimate bond angles. On average, BSLYP
gives a better representation of the bond lengths and MP2 a better representation
of the angles, including the torsions. Interestingly, the reported CCSD and QCISD
calculations give bond lengths intermediate between the B3LYP and MP2 results,

underestimate the bond angles more than MP2, and overestimate the main torsion.

For this current work, the BLYP-D3/TZV2P geometry yields bond lengths and

bond angles which generally compare favorably with the experimental parameters
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(distances within 0.03 A, angles within 4°) with one exception. The N—O bond of
the N—O—N bridge is 6% too large. Both torsions are also underestimated though all
reported calculations via BSLYP and MP2 similarly underestimate them. Overall the
data in Tables S1 and S2 show that gas phase dinitrogen pentoxide can be considered
to be two NOs groups joined by a common bridging O atom where the four atoms of
each NOj3 grouping are nearly planar (5° torsion angle) with each NOy plane twisted

with respect to the N—O—N plane in a contrarotary manner (34° torsion angle).

Furthermore each N—O bond of the N—O—N bridge is rather long, ~1.5 A.

Electronic Structure of N,O5(H20),,, n = 1 - 6. Due to the ability
to perform higher level electronic structure calculations on them, water clusters are
often employed as models for bulk water and for water surfaces. Table S3 gives
data on N5Oj in clusters of 0, 1, 2, and 4 water molecules. Columns 1-5 are the
BLYP-D3/TZV2P values of this work, column 6 the gas phase electron diffraction
data, and columns 7-10 B3LYP/6-3114++G(d,p) results. Row 7 gives an additional
set of values for the N2—O5 bond length from an MP2/cc-pVDZ study on clusters
of zero to two waters. The cluster results will be the initial focus and the water
slab simulations addressed next. Taking the demonstrated superiority of B3LYP over
second order Mgller-Plesset perturbation theory in representing the bond lengths
of dinitrogen pentoxide, one observes that MP2 also significantly overestimates the
N2—05 bonds in the clusters. For clusters of 0 — 2 waters the BLYP functional
performs favorably with respect to BSLYP except it quite overestimates the bridging
N2—05 bond. For NyO5(H20), the BLYP description is inferior and the N2—05
bond poorly represented. Fortunately, as will be shown, this performance does not
carry over to the water slab simulations. Nevertheless, the tabulated data definitely

show that the size of the water cluster has a profound effect upon the equilibrium
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geometry of NyOs. As more waters are added the N—O bonds of one of the terminalNO,
groups shortens, its O—N—O angle increases, its two O—N—O angles involving the
bridging oxygen decrease, and its N—O bond with the bridging oxygen significantly
lengthens. Exactly the opposite behavior is found for the bonds and angles involving
the NOy group on the other side of the molecule. Clearly, in clusters, the waters are
inducing a pronounced asymmetry to these two parts of the molecule. Examining the
cluster structures given in Figure S1, one finds that the behavior for the NOy group
whose bridge N—O bond lengthens has its N atom involved in an intermolecular in-
teraction with a water oxygen. On the other hand the NOy group with a shortening
bridge N—O is associated with water which is hydrogen bonding to one (or more) of
the NOs oxygen atoms. These interactions should lead to a significant polarization

of the molecule.

Water Induced Charge Separation of N,O5s in Water Clusters. As the
electronic structure calculations show, the two NOy groups of dinitrogen pentoxide
are equivalent; the respective bond lengths and bond angles are identical. However,
the equivalence can be broken in an asymmetric environment such as that provided by
water, as Table S3 indicates. Table S4 gives data illustrating the effect of the size of
the water cluster on fostering this asymmetry in terms of the two bridge N—O bonds
lengths and Mulliken charges on the now nonequivalent nitryl groups which will be
shown to parcel into NO3* and NOJ~ fragments. Though the two nitryl groups in
gaseous NyOjy are equivalent, one can still formally add all the Mulliken partial atomic
charges on one of the NOy’s atoms and do the same for the remaining NO3 atoms.
These charges represent the fragment charges for NoO5 with no waters and are given
in the first four rows of NyO5 data in the table. The data in the table derive from five

distinct calculations done at various levels of theory employing different basis sets so



Table S4: Effect of Water Cluster Size on Geometry and Charge Polarization in NyO5%°

NOj fragment

NO; fragment

cluster N1-0O5 O,NO---HOH® charge? N2—05 OyN---OH,® charge?
N, 0559 1.59 —0.10 1.59 0.10
1.51 0.08 1.51 —0.08
1.54 —0.13 1.54 0.13
1.51 —0.19 1.51 0.19
N,O5(H,0)  1.45 2.22 —0.25 1.77 2.86 0.25
1.47 0 1.56 2.79 0.06
—0.28 1.73 2.66 0.27
N,O5(H20)y  1.40 2.02 —0.32 1.84 2.71 0.32
1.40 2.12 —0.12 1.67 2.71 0.18
2.02 —0.32 1.77 2.59 0.33
N,O5(H,0),"  1.31 1.89, 1.91 —0.53 2.16 2.12 0.32
1.22 2.01, 2.15 —0.25 1.78 2.56 0.29
1.45 2.01 < 0.07° 1.52 2.48 0.18

¢ refer to Figure S1 for designation of numbering for atoms in bonds and identification
of atom involved in H bond or intermolecular interaction with water
b first row of data for each cluster — BLYP-D3/TZV2P values of this work; second

row — B3LYP/6-3114++G(d,p) calculation of Reference [7]

¢ hydrogen bond length between water and an O atom of NOj3 fragment; two O atoms
of NOj3 fragment each have a water H bonded in the first two four-water cluster

data sets
d

sum of Mulliken partial atomic charges in fragment in au

¢ intermolecular interaction distance between water O and N atom of NO, fragment
f third row — MP2/cc-pVDZ calculation of Reference [12]
9 fourth row — B3LYP/6-311++4G(3df) calculation of Reference [3]
" third row — HF /3-21G calculation of Reference [13]

7

omits partial atomic charge of negative bridge oxygen

that the magnitudes of the Mulliken charges can be expected to be different in each

calculation. Nevertheless the more complete sets of data given by this work and the

B3LYP and MP2 studies show that each additional water added to the cluster: 1)
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Figure S1: N,O5 and model water clusters examined to compare results with higher
level ab initio calculations. Numbering provides the key for Tables S1-S4. Note that
N,05(H20)4 has a different orientation from NoOjs and NoOs in the other two clusters.

increases the charge on the NOy fragment, 2) has an oxygen which participates in
an intermolecular interaction with NOy’s N atom of increasingly shorter range, and
3) dramatically increases the fragment’s bridge N—O bond length. On the other
hand, for the NOj3 fragment, as the number of waters increases 1) the NOj charge

decreases, 2) a hydrogen bond with the fragment forms of increasingly shorter H-



bond length, and 3) the fragment’s bridge N—O bond length decreases. Data from
the other two calculations fill in this trend. Clearly water is inducing an ionization or
partial ionization into two fragments, NOS™ and Nog_. This fragment partitioning
explains the water-induced geometry changes noted for the two NOy groups in the
previous section. Whether this is indicative of the ionization of eqn (1) in the main
text (actually disproportionation), the ion pairing of eqns (2)-(4), or something in

between will be examined further.

Water Slab as a Model for a Thin Film of Water. It is possible that the
aqueous “surface” upon which the dinitrogen oxides of this study react with HCl/Cl~
are thinner than the slabs used in these simulations [14]. Consequently, in modeling
the film, a thick slab where perfectly converged properties could be obtained was
not an objective. Nevertheless, DFT via BLYP-D3/TZV2P, including dispersion,
has been shown to give a good description of water and the liquid/vapor interface
[15-17]; the quality of this description was sought for the thin slabs employed here.
Of particular concern was generation of a slab whose water was not overstructured

and was sufficiently mobile.

Figure S2 exhibits the density profile and diffusive behavior of the bare water
slab and the slab with a molecule of dinitrogen pentoxide adsorbed. From a fit of the
profile to a hyperbolic tangent function, the density and Gibbs dividing surface zgpg
(height above slab in the interfacial region where the density of molecules in the vapor
and liquid are equal) are given. The upper and lower dividing surfaces define the slabs
to be 10 A thick with a density a little in excess of 1 g cm™. While the simulations are
done with deuterium rather than protium, the density is calculated for protiated water

to facilitate comparison. The corrugation observed in the profiles is normal for finite
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Figure S2: Comparison of density profile and diffusive behavior of bare water slab
and the slab with a molecule of NyO5 adsorbed. Dashed red line in profile denotes fit
of density to a hyperbolic tangent and dashed blue line Gibbs dividing surface for the
upper and lower side of each slab given by the fit. Diffusion constants for water in
lower panels determined from a linear fit (dashed red line) to the slope of the mean
square displacement as a function of time using the Einstein relation, ignoring later

times when statistics are poorer.

sized systems and more modest than most reported. The N,O5 adsorbate exhibits
little perturbation of the profile. The lack of symmetry in placement of the upper
and lower zgpg is attributable to mass weighting of the z coordinate, height above or
below the center of mass for the slab. As deuterium is employed in the simulations,

the water self-diffusion constants D reported are calculated from the slope of the
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mean square displacement of all oxygen atoms of D;O over the entire slab, suitably
averaged over initial times and time intervals. The factor of 1.4 upon increasing the
temperature from 308 to 325 K is exactly what is experimentally observed. However,
the constants for the bare slab and slab with NyOj5 are a factor of 2.4 times smaller
than experimentally reported values for bulk liquid D,O, (2.38 and 3.43) x 107°
cm? 571 at 308 and 325 K, respectively [18]. Though the true D for a thin film
is neither known nor experimentally available, frequently AIMD simulations yield
reduced diffusion coefficients for bulk systems attributable to the necessity of very
long trajectories (~ 170 ps!) to overcome the nonergodic behavior of NVE simulations
[19,20]. The water slab was equilibrated in the NVT ensemble for 50 ps and data
collected for 78 ps from an NVE trajectory. 20 ps of canonical equilibration was
performed for the slab with NoO5 adsorbed. Though the magnitude of the diffusion
constant may be lower than the true value, D responds to temperature increments in
the appropriate manner and shows that the water molecules possess decent mobility.

Furthermore, the water does not exhibit any significant overstructuring.

N30O5 Adsorbed onto a Thin Film of Water. Table S3 gives structural pa-
rameters for gaseous NoOj, clusters of gaseous NoO5 with 1, 2, and 4 water molecules,
and N,O5 adsorbed onto a water slab. Selected data for gas phase NoOy, and NyOy
adsorbed onto a slab are included for comparison of the effects of water, especially on
the slab, on both of these dinitrogen oxides. As with all of the electronic structure cal-
culations, this study shows increasing lengthening of the bridging N1—-05 or N2—05
bond with number of waters incorporated into the cluster. It was noted previously
that the BLYP-D3/TZV2P data for a cluster with 4 waters has an exceedingly long
bridge N2—O5 bond length (2.16 A) as Table S4 also indicates. This could pose

a problem with the DFT description. Fortunately, a comparison of slab simulation
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data of column 1 in Table S3 with gas phase data of column 5 shows only a modest
relaxation in NyOj5’s structure upon adsorption onto an aqueous film with a bridging
bond extension of 0.03 — 0.04 A. The data in column 1 give ranges for averaging the
coordinate parameter over the trajectory and over the two equivalent NOy groups
in each of three trajectories spanning a 45 K temperature variation. Though the
average value of a bond length or angle is not sensitive to temperature, the value
itself exhibits oscillatory behavior as a function of time whose period is temperature
dependent. These oscillations are displayed in the O,NO—NO, bond in Figure 1 of
the main article and lead to an identical periodicity (or mirror image periodicity) in
Mulliken charges of the NOs and NOj fragments of NoOs. Such periodic motion is

absent for asym-N,O,4 adsorbed onto a slab surface.

Red and black curves in the left panels of Figure S3 explore the temperature
dependent oscillatory nature of Mulliken charges for NoO5. Green curves give the sum
of all partial atomic charges in dinitrogen pentoxide; the value of —0.02 au indicates
a consistent small amount of charge transfer from surrounding water molecules at all
three temperatures. For all three traces maxima in black correspond to times when
N1 bears the largest NOgJr charge and N2 the smallest NO?,,_ charge (most negative);
maxima in red indicate when N2 bears the largest NO3™ and N1 the smallest NO3~
charges. Values reported for the fragments are averaged by assigning the NO, and
NOj fragments to each N. As stated in the previous paragraph, various structural pa-
rameters also display a periodic nature correlated with charge separated fragments.
When a fragment achieves its maximum NOgJr character the bridge N—O bond length-
ens to 1.79 A, the O—N—-0O angle to 139° while the N—O bond length shortens to
1.19 A and the torsion angle is 25° (angle between the NOy planes is 50°). On the

other hand, maximum NO3~ character exhibits a bridge N—O bond reduction to 1.47
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Figure S3: Time evolution of Mulliken partial atomic charges in au of the NO; (in
black) and NOs (in red) fragments and height of N atom in each fragment above
slab surface. For each simulation the Gibbs dividing surface is denoted by the blue
horizontal line. Data reported for a 42 or 43 ps time interval in each trajectory with

red and black values averages for the respective quantity over the interval.

A, an O—N—O angle to 130° with an N—O bond length increase to 1.23 A and the
torsion increases to 65° (130° between planes). In this study the solvated nitrate ion
product has a bond length of 1.28 A, angle of 120°, and Mulliken charge of —0.8 au.

Examination of the slab column data for asym-N,O, in Table S3 suggests that, with
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a 1.26 A N—O bond length, 123° bond angle, and charge of —0.54 au (from Table 1
of main text) on a thin film of water ONONO, exhibits more ion pair character than
N5Os5 at the temperatures simulated. However, the frequency of NoOj5’s periodic mo-
tion is seen to decrease with temperature in Figure S3 with periods of about 10, 16,
and 45 ps approximated by fitting to a sine function. It must be remembered that the
limiting behavior with decreasing temperature is a lack of oscillatory structure and
two permanently charged separated fragments, consistent with the known existence

of N3O5 as an ionic crystal consisting of NOJ and NOj3 ions at low temperatures.

The height of each N atom above the surface upon which NyOj is absorbed
is also given as a function of temperature in Figure S3. Values of the height are
from the center of mass and can be compared to the position of the Gibbs dividing
surface shown in blue. These lead to average values above zgps of 1.1, 1.1, and
1.7 A with increasing temperature. As is to be expected, as temperature increases
the slab expands resulting in the increase in zgps. (For the lower surface zgps =
5.2, 5.2, and 5.4 A and the respective slabs are 9.5, 9.5, and 9.9 A thick). Large
amplitude motions of the NOy and NOj3 fragments are seen to increase somewhat
with temperature. However no discernible difference in position of either of the N
atoms above the surface is observed, another indication of the long-time equivalence

of the nitrogens.
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