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Abstract:

Methyl nitrite has two stable conformational isomers resulting from rotation about the
primary C-O-N-O dihedral angle: cis-CHsONO and trans-CH3ONO, with cis being more stable
by ~5 kJ/mol. The barrier to rotational interconversion (~45 kJ/mol) is too large for
isomerization to occur under ambient conditions. This paper presents evidence of a change in
conformer abundance when dilute CH3sONO is deposited onto a cold substrate; the relative
population of the freshly deposited cis conformer is seen to increase compared to its gas-phase
abundance, measured by in-situ infrared spectroscopy. We observe abundance changes
depending on the identity of the bath gas (N2, Ar, and Xe) and deposition angle. The
observations indicate that the surface properties of the growing matrix influence conformer
abundance—contrary to the widely held assumption that conformer abundance in matrices
reflects gas-phase abundance. We posit that differences in the angle-dependent host-gas
deposition dynamics affect surface morphology, causing changes in conformer abundances.
Quantum chemistry calculations of the binding energies between CH3ONO and a single bath-gas
component reveal that the N2:cis-CH3ONO complex is stabilized relative to the N2:trans-
CH3ONO complex. However, significant energetic stabilization is not observed in 1:1
complexes of Ar:CH3ONO or Xe:CH3ONO. From our results, we conclude that the surface
morphologies play a significant role in trapping cis-CHsONO more effectively than trans-
CH3ONO, likely because cis-CH3ONO is more compact. Taken together, the observations
highlight the necessity for careful characterization of conformers in matrix-isolated systems,
emphasizing a need for further study into the deposition dynamics and surface structure of
chemically inert matrices.
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1. Introduction:

Methyl nitrite (CHsONO) has received significant experimental’=3? and theoretical3*%
investigation focused on its existence as two stable conformational isomers resulting from rotation
about the primary C-O-N-O dihedral angle. In ambient conditions, both CH3ONO cis and trans
rotational isomers can be spectroscopically observed and distinguished from one another using a
variety of techniques—gas- and liquid- *H NMR, UV-Vis absorption, as well as rotational and
vibrational spectroscopy—making conformer-specific studies possible.317:2023.27

The barrier to cis/trans interconversion in the gas phase is relatively high at ~45 kJ/mol
due to contribution of resonance structures with planar C-O-N-O atoms.>3 The relative energies
of the two stable conformers differ by ~5 kJ/mol, with cis-CH3ONO being the more stable of the
two.1317:2023 Other RONO molecules can exhibit steric repulsions that result in larger differences
between conformer energies and thus abundances.* 1324 In the case of CHsONO, the cis-CH3sONO
conformer is stabilized via internal hydrogen bonding, orienting the N=0 portion of the C-O-N-O
dihedral towards the methyl group, resulting in a smaller van der Waals diameter than trans-
CH3ONO.3’17’20’23’24’34’36

The determination of conformer abundance of CHsONO becomes increasingly
complicated when moving away from the gas-phase into complex environments such as those
found in matrix-isolation spectroscopy. In general, matrix-isolation experiments assume that
matrix conformer abundances reflect gas-phase abundances. Upon deposition, this retention of the
gas-phase abundance results in matrix abundances that are not in thermal equilibrium at the colder
matrix temperature. In some cases the ratio of two or more conformers present in the gas phase
can change upon isolation in a low-temperature matrix.*>#°-47 Typically this is only observed for
chemical systems with a small (< 5 kJ/mol) barrier to isomerization; as the molecules isomerize,
their relative conformer abundances equilibrate to the abundances expected at the lower
temperature of the matrix. This is a phenomenon known as conformational cooling.*>#6-4® For
molecules with higher interconversion barriers similar to that seen in CH3ONO, there are typically
no significant changes in the conformer abundance between the gas and matrix phases.51949-5
The complex dynamics of the matrix-formation process and subsequent diffusion of molecules on
the surface of a growing matrix are rarely discussed as contributing factors in possible differing
conformer abundances between the gas and matrix phases. Theoretical and experimental work
focusing on the sticking dynamics, energy transfer, and angle dependence of deposition are
typically confined to atoms and molecules sticking to a metal surface or molecular ices, not on
inert matrices.>®"® To the authors’ knowledge, the impact of these factors on conformer abundance
in inert matrices has not been quantified.

We performed a study on the effects of a given bath gas and the angle of deposition on the
conformer abundance of CH3ONO during deposition in a low-temperature matrix using three
different inert bath gases: nitrogen (N2), argon (Ar), and xenon (Xe). Our observations indicate a
change in conformer abundance that occurs between the gas and matrix phases. Changes to
deposition angle were additionally found to alter conformer abundances in a N2 bath gas, while
conformer abundances in Ar showed no angular dependence. We investigate the competition
between effects of surface morphology and energetic stabilization on the trapping of the two
conformers by analyzing the angular dependence of the abundances and performing quantum
chemistry calculations of the gas:CH3ONO complexes. We propose that the surface formation
dynamics of N2 change with the angle of deposition, affecting the conformer abundance. Quantum
chemistry calculations of N2:CH3ONO also indicate that cis-CH3ONO is energetically stabilized
relative to trans-CH3ONO. Quantum chemistry calculations of X:CH3ONO (X = Ar, Xe) do not
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indicate significant stabilization of either conformer. We thus attribute the increase in cis-
CH3ONO abundance in Ar and Xe matrices to its smaller van der Waals radius, enhancing the
probability of trapping within pockets during surface diffusion. These size effects are also likely
to contribute to the enhancement of cis-CH3ONO in No.

2. Methods

The conformer abundance of CH3ONO was investigated using matrix-isolation spectroscopy.
The next sections describe the methods in detail, which are summarized first: CHsONO is diluted
in one of three different bath gases—N>, Ar or Xe—and individual mixtures are deposited at
varying angles onto a cold substrate where they form a low-temperature matrix at controlled
temperatures. Spectroscopic analysis using a Fourier-Transform infrared (FTIR) spectrometer is
employed. Conformer-specific vibrational bands in the infrared spectrum are integrated and
compared to quantify the conformer abundance of cis-CH3ONO compared to trans-CH3ONO.
These conformer abundances are compared with gas-phase measurements to determine the degree
of change. Quantum chemistry calculations are performed to quantify binding energies between
matrix-gas molecules and the two conformers of CH3ONO.

2.1. Experimental

The matrix-isolation spectrometer has been described in detail previously.” Briefly, the
matrix-isolated sample is prepared in the center of the chamber on a 1-inch KBr salt-glass substrate
that is cooled by a CTl Model 22 cryocooler. The temperature of the sample holder is monitored
and controlled through both a silicon diode and resistive heaters connected to a Lakeshore Model
331 temperature controller. A differentially pumped rotary platform enables the sample to rotate
360° inside the chamber without breaking the vacuum. In practice, the sample mount either faces
towards the deposition axis where sample/matrix gases are deposited or is rotated into alignment
with the optical axis for spectroscopic analysis. The chamber maintains a base pressure of ~8x107%
Torr, and reaches ~8x10~° Torr with cryopumping.

CH3ONO is synthesized in house using air-sensitive techniques according to previous
literature,® with no further purification necessary. Briefly, sodium nitrite (ACS grade, 97%) is
dissolved in a solution of water and methanol (HPLC grade, >99.8%) and allowed to stir at room
temperature under an inert atmosphere. Then, hydrochloric acid (ACS grade, 36.5-38%) is titrated
into the aqueous solution. The gaseous CH3sONO that evolves from the solution is passed through
a drying tube before being collected in a liquid nitrogen trap. After the condensed CHsONO
sublimates at room temperature, it is immediately diluted to concentrations less than 10% in N2
(Airgas, Industrial Grade), Ar (Airgas, UHP), or Xe (Spectra Gases, UHP) in a stainless-steel
cylinder. CH3ONO is known as a highly flammable, heat-sensitive explosive. Therefore, we ensure
each cylinder is diluted to concentrations of 10% or less in order to minimize the hazards of
working with CH3ONO in a confined laboratory space.

From these dilute cylinders, 500:1 mixtures of X:CH3ONO (where X= N, Ar, Xe) are prepared
manometrically. The room-temperature gaseous mixtures are deposited onto the cold substrate in
the matrix-isolation chamber through an effusive source immediately forming amorphous
matrices. The substrate is held at 10 K during deposition for mixtures containing N2 and Ar, and
30 K for mixtures containing Xe. Deposition rates are controlled by a dosing valve (VAT), and
deposition times range from 1.5-6 hours. The angle of deposition, defined from the plane
perpendicular to the cold substrate (denoted as &), varied from —10° to 20°. For reference, a gas
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deposited normal to the cold substrate would have an « angle of 0°, and any other angle would be
considered an oblique angle deposition (OAD). The range of angles is restricted by the design of
the aluminum heat shield attached to the first stage of the cryostat, thus limiting the range of
deposition angles possible.

The infrared (IR) spectrum of the matrix-isolated sample is collected from a single pass of the
externally coupled FTIR beam through the matrix-isolation chamber and sample before being
focused into the external MCT-A detector. The FTIR is equipped with a broadband KBr
beamsplitter, limiting the spectral range to 7400-600 cm™!. The spectra are recorded with a
resolution of 0.5 cm™'—which corresponds to a data spacing of 0.241 cm'—and background
subtracted. Spectroscopic signatures corresponding to each conformer are integrated using
OriginPro to determine the cis and trans conformer total absorbances.

For gas-phase experiments, the IR spectrum is obtained using the same FTIR. Instead of
externally coupling the IR beam to the matrix-isolation chamber, the IR beam remains internal,
making a single pass through a gas cell that is located in the main sample compartment of the
FTIR, before being focused into a deuterated triglycine sulfate (DTGS) detector. The threaded gas
cell with J. Young® Valve (Thorlabs) is equipped with two MgF. windows, limiting the low-
frequency spectral range. The spectra are recorded with a resolution of 0.125 cm~'—which
corresponds to a data spacing of 0.015 cm™'—and background subtracted. The cis- and trans-vs
modes of the gas-phase CH3ONO spectra are fit using the Multipeak Fitting package in IgorPro,
defined by a Gaussian line profile (see Supplementary Material (SM), Section 2). The area of these
fits is used to determine the integrated absorbance of each transition in the gas phase.

The percentage of each conformer is calculated by dividing the concentration of a given
conformer (cis or trans) by the sum of the concentrations of both conformers (cis and trans) for a
specific vibrational transition, which can also be expressed in terms of integrated absorbance
through Beer’s Law:

Atrans
% trans = ﬂxwo =Lx 100
Ccis T Ctrans m +1

Ccls
This treatment assumes that the absorption coefficient for comparable vibrational modes (e.g. the
vz N=0 stretch) is the same in each conformer (see SM, Section 1 for detailed explanation). This
assumption leads to a relative error in the calculated abundance percentages on the order of 4% in
matrix-phase samples for the vs vibrational mode of CH3ONO.

2.2. Computational

All quantum chemical computations were performed with Q-Chem 5.4.”” Minimum energy
structures of both cis and trans conformers of CHzONO bound to a single matrix-gas component,
X:CH30ONO (X = N2, Ar, or Xe), are calculated. Twenty-two initial configurations of each 1:1
complex were generated, with the bath gas placed around either the cis-CH3ONO or trans-
CH3ONO molecule. Geometry optimizations were performed using the B3LYP density
functional’®"® with Grimme’s D3(BJ) dispersion correction®® and cc-pVDZ basis set.8-#2 For Xe,
the cc-pVVDZ-PP basis set and corresponding ECP were used.®® Zero-point energy corrections were
computed via harmonic frequency analysis at the same level of theory. Relative energies of the
clusters are refined via single-point energy calculations with coupled cluster theory, employing
single, double and perturbative triple excitations, CCSD(T)®8, and an aug-cc-pVDZ basis set®1-8?
for all atoms except Xe, for which the aug-cc-pVDZ-PP basis and corresponding ECP were used.®
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Binding energies of the X:CH3ONO complex were computed as differences in the zero-point
energy corrected CCSD(T) single-point energies between the X:CH3ONO complex and infinitely
separated X compound and CH3ONO molecule.

3. Results

The aim of this work is to investigate the competition between energetic stabilization and
surface morphological effects that lead to changes in CH3ONO conformer abundance ratios
between the gas phase and different low-temperature matrices. Gaseous CH3sONO was analyzed
to confirm the room-temperature cis and trans conformer abundances in the bath gases before
deposition into the matrix chamber. Upon condensation of the room-temperature CHsONO in three
different matrices— N, Ar, Xe —the cis and trans conformer abundances are seen to change in
varying amounts, but always favoring an increase in the proportion of the cis conformer.
Furthermore, when the angle of deposition is changed, we see additional changes in the conformer
abundances. Quantum chemistry calculations of the 1:1 complexes help to uncover the effects of
relative energetic stabilization and relative size of the conformers.

3.1. Gas-Phase Conformer Abundance

Dilute gaseous standards of CH3ONO in N2 and Ar were used to calculate conformer
abundance in the gas phase using FTIR spectroscopy. The standards were composed of varying
concentrations of X:CH3ONO, where X = Nz or Ar. Xe was excluded from the gas-phase
experiments due to the worldwide shortage in the gas supply. IR transition frequencies
corresponding to each isomer were identified based on previous literature, with cis centered at
1623 cm™! and trans observed at 1680 cm™!.71":18:26 The abundance of each conformer in the gas
phase was quantified by comparing the integrated areas under the peaks corresponding to the
fundamental N=O stretch vs (see Supplemental Material (SM), Section 2). The average room-
temperature cis and trans conformer relative abundances were determined to be 57 + 2% to 43 +
2%, respectively, regardless of bath gas. Previous studies have shown that the v3 stretch of cis and
trans-CHsONO have approximately the same absorption cross section?®?® and we use this
assumption here, with further details given in SM, Section S1, to equate absorbance ratios with
concentration ratios. Our experimentally determined cis and trans gas-phase abundances are in
good agreement with previous observations that used gas-phase IR spectroscopy to determine
conformer abundances at room temperature.>2°

3.2. Freshly Deposited Matrix-Isolated Conformer Abundance

To investigate changes in the conformer abundance between gas phase and different low-
temperature matrices, dilute samples of CH3ONO in different bath gases were condensed onto a
cold substrate at an angle of « = 20°, and conformer abundances in the matrix were measured using
matrix-isolation spectroscopy (see Fig. 1). Due to the inherent narrow line width of matrix-isolated
vibrational transitions, the cis and trans conformer transitions of CH3ONO are
distinguishable,*10-14-16.26.86 regardless of the spectral region.

Fig. 1 compares the freshly deposited—as opposed to matrices that have undergone annealing
or other processing—matrix-isolated spectra of the fundamental N=O stretch vz of 500:1
X:CH3ONO, (X = N2, Ar, Xe) from 1690-1590 cm™! deposited at a = 20°. Full matrix-isolated
spectra from 3500700 cm ™! for each matrix at this angle can be found in SM Section 3. The most
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Fig. 1. Normalized matrix-isolated infrared spectra of the region corresponding to the v3
transition of CH3ONO (1690-1590 cm™!), shown for different low-temperature matrices. The
deposition angle was fixed at o = 20° and the pre-mixed concentration remained constant at
500:1 X:CH30NO, where X = N> (top), Ar (middle), or Xe (bottom). The spectra have been
color-coded showing regions assigned to the cis (blue) and trans (pink) conformers.

intense transition in this spectral region (whether it corresponds to cis-vs or trans-vs CH3ONO) was
normalized to 1, and the absorbance of the remainder of the spectrum was scaled linearly. The cis-
vs transition in N2 is centered at 1612 cm™! with a secondary peak centered at 1615 cm™' (more
details on secondary peaks in the next paragraph), in Ar is centered at 1613 cm™', and in Xe is
centered at 1606 cm™!. The trans-vs transition in N2 is centered at 1664 cm™! with a secondary peak
centered at 1667 cm™!, in Ar is centered at 1665 cm™!, and in Xe is centered at 1662 cm™!.

We observe differences between the spectra of matrix-isolated CHsONO and the gas-phase
spectra of CH3ONO (See SM, Section 2) that are all typical of matrix-isolation spectroscopy, in
addition to the observed differences between the spectra obtained with different matrix hosts; the
latter being the focus of this work. First, a single transition of CH3sONO (in this case, the cis-v3 or
the trans-v3) has its vibrational energy shifted compared to that of the unperturbed gas-phase
transition—otherwise known as a “matrix shift.” These matrix shifts can depend on: (a) the degree
of weak interaction between the matrix material and the guest molecule, and (b) the specific
vibrational mode of the trapped molecule.*®*' Different vibrational modes can be perturbed to
different degrees due to the orientation of the trapped molecule inside the matrix cage, thus
introducing a larger (or smaller) matrix shift. However, conformer assignment of the matrix-
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isolated spectrum of CH3ONO is unambiguous and the matrix shift has no effect on measured
abundances. Secondly, the total intensity of a given transition can be split into multiple peaks (as
seen most clearly in the top N> trace of Fig. 1) due to the guest molecule being trapped in differing
matrix sites, otherwise known as “site splitting.” Typically, site splitting is only observed to create
secondary peaks within a few cm™! of the most stable site.**! We integrate over all peaks within
a given transition in order to incorporate all configurations of a given conformer. The final
difference between gas- and matrix-isolated spectra, as mentioned previously, is the narrow line
width of the matrix-isolated transitions. This is in part due to the majority of the rotational energy
being quenched in the matrix, allowing the main spectroscopic feature to be a defined single band
and enabling straightforward integration in conformer analysis.**4!

We integrated the cis and trans-vs transitions in the N2 matrix spectrum in the top trace of Fig.
1, identifying an increase in the population of the more stable conformer cis-CH3ONO in the matrix
relative to that of the gas phase. The cis and trans conformer abundances of the freshly deposited
N2 matrix are 65 £ 3% to 35 = 1%, respectively, when deposited at 20°. This increase in the cis-
CH3ONO population by ~15% contradicts previous literature showing that CHsONO retains its
gas-phase conformer abundance;*>® our results indicate that the assumption that conformer
abundances in matrix-isolation experiments reflect gas phase abundances may not always hold.

We also observe an increase in the cis abundance in Ar and Xe matrices when comparing to
the gas-phase abundances. When CH3ONO is isolated in an Ar matrix with a deposition angle of
a = 20°, we observe the cis and trans conformer abundances to be 63 + 3% to 37 + 1%,
respectively, shown in the middle trace of Fig. 1. There is an ~11% increase in the cis-CH3ONO
population in the freshly deposited Ar matrix compared to the gas-phase abundances. Lastly,
integration of the vs transitions in the Xe matrix, shown at « = 20° in the bottom trace of Fig. 1,
results in measured cis and trans abundances of 73 + 3% to 27 + 1%, respectively, corresponding
to a ~30% increase in the cis-CH3ONO abundance in the Xe matrix compared to its gas-phase
abundance. All cis and trans conformer abundances in each freshly deposited matrix and the gas-
phase conformer abundance are summarized in Table 1.

Table 1. Matrix-isolated conformer-specific abundances measured using the cis and trans-v3
transition of freshly deposited X:CH30NO (where X = N, Ar, Xe) at o = 20° compared to the
room temperature (RT) dilute gas-phase conformer abundance.

Composition of Host Matrix cis-CH3ONO trans-CH3ONO
(deposition temperature in
parentheses)

None (RT Gas Phase) | 57 + 2% 43 + 2%
Nitrogen (10 K) | 65 + 3% 35+ 1%
Argon (10 K) | 63 + 3% 37+ 1%
Xenon (30 K) | 73+ 3% 27 + 1%

A change in conformer abundance in freshly deposited matrix-isolated CH3ONO was
unexpected, regardless of the matrix host, since this phenomenon is typically only observed in
cases where the internal conversion barrier between conformers is relatively low. When these
barriers are small, conformer interconversion can occur, allowing abundances to approach
thermodynamic equilibrium at the lower temperature of the matrix; this is known as
conformational cooling. However, the interconversion barrier between trans and cis-CH3ONO
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(~45 kJ/mol) is too large for isomerization to occur at any matrix temperature used in this study.
We therefore must consider other physical mechanisms responsible for our observed changes in
conformer abundance between the gas and matrix phases, as well as the observed lower-energy
conformer enrichment following a cis abundance enhancement of N2 =~ Ar < Xe.

3.3. Angular Dependance of Conformer Abundance

One parameter that could alter the observed conformer abundances is the deposition angle. To
test for such angular dependence, dilute samples of 500:1 CH3ONO in different bath gases were
condensed onto a cold substrate at different deposition angles, ranging from a = 20° and a = —10°
in increments of 10°. Due to the symmetry of the experimental setup, negative deposition angles
should yield the same results as their corresponding positive angles, though small deviations in
results may occur due to changes in the orientation of the heat shield relative to the beam (see
Section 2.1 for more details). Conformer abundances in the matrix were measured using matrix-
isolation spectroscopy (see SM Section 5, Figure S6) and compared as before to the gas-phase
abundance.

After integrating the cis and trans-vz transition for each angle «, we observe a decrease of the
proportion of cis-CH3ONO as «a deviates from 0° when using N2 as the matrix host with a 500:1
N2:CH3sONO ratio. When a = 20°, the conformer abundance is 65% + 3% cis-CH3ONO and 35%
+ 1% trans-CH3ONO, as shown in Section 3.2. When « is decreased to a = 10°, the conformer
abundance becomes 61% + 3% cis and 39% * 1% trans-CH3ONO. Changing the deposition angle
by 10 degrees once more to achieve a = 0°—a perpendicular deposition—the conformer
abundance is observed to be 58% + 3% cis and 42% + 1% trans-CH3ONO. Interestingly, the
conformer abundance observed after a head-on deposition is nearly the room-temperature gas-
phase conformer abundance, in agreement with the sudden-trapping assumption typical for matrix-
isolation experiments. Passing perpendicular, the deposition angle was altered a final time to o =
—10°. At this deposition angle we observe the conformer abundance reverts back towards a greater
enhancement in cis-CH3ONO, resulting in 63 £ 3% cis and 37 £ 1% trans-CH3ONO. These results,
as seen in Fig. 2, show that when CH3ONO in N2 is deposited at a larger angle of deposition, there
is an enhancement of cis-CH3ONO.
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Fig. 2. Conformer abundance of matrix-isolated CH3ONO in N as a function of deposition angle
(a) of the cis (blue) and trans (pink) vs transition of 500:1 N>:CH30NO observed between 1690—

https://doi.org/10.26434/chemrxiv-2023-4vtc9 ORCID: https://orcid.org/0000-0001-5960-056X Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-4vtc9
https://orcid.org/0000-0001-5960-056X
https://creativecommons.org/licenses/by/4.0/

1590 cm™'. The blue and red solid lines represent the gas-phase conformer abundance of 57 +
2% to 43 £ 2%, where the gas-phase abundance errors are represented in shaded grey.

The angle of deposition for 500:1 Ar:CH3ONO was altered from a =—10° and a. = 20°, keeping
the remaining experimental conditions constant (see SM Section 5, Figure S7). As stated in Section
3.2, integrating the cis and trans-vs transition when CH3ONO was deposited in Ar at a = 20°
produced 63% * 3% cis-CH3ONO and 37% * 1% trans-CH3ONO. Decreasing the incidence of
deposition (towards a more head-on angle) to o = 10°, we observe no statistically significant
(outside of the largest reported 1o error) change of the cis and trans abundances, with observed
cis and trans abundances of 62% * 3% to 38% * 1%, respectively. Once more, the deposition
angle was changed by 10 degrees in order to reach a = 0°, where the deposition angle is
perpendicular to the cold substrate. In this head-on configuration, we again observe the cis
conformer abundance to be 62% * 3% and the trans conformer abundance to be 38% + 1%. Finally,
the angle of deposition was altered past perpendicular by 10 degrees, to a = —10°. We once again
do not observe a statistically significant change in conformer abundance, resulting in 61 + 3% cis
and 39 = 1% trans-CH3ONO. The cis and trans isomer abundances quantified in an Ar matrix
across the angles within this study never approached the ratio observed in the gas phase, as shown
in Fig. 3. The cis and trans conformer abundances of N> and Ar matrices deposited at different
angles are summarized in Table 2.

It would be reasonable to expect the results of the Xe matrix to be similar to those of Ar, since
both are atomic matrices. However, the even larger enhancement of cis-CH3ONO when deposited
onto a Xe surface alludes to more complicated dynamics at play. In matrix-isolation experiments
and molecular dynamics (MD) simulations—specifically those that include guest species with
more than one conformer—Xe has consistently been an outlier, and explaining the observations of
isolated molecules becomes difficult with the possibility of heavy atom perturbation.6:4887-93
While we believe that performing OAD experiments with a Xe matrix would provide more
information for understanding the conformer abundance when CH3ONO is isolated in different
low-temperature inert matrices, additional angle-dependent experiments in the Xe matrix would
not be reasonable to pursue given current Xe availability. We maintain that it is important to show
the change between two atomic matrices deposited at the same angle (a = 20°), reinforcing that
gas/surface processes are complex even between similar systems.

70

@
=1
——
i
——
ey

® cis-CH,0NO
—— Gas phase cis value
trans-CH,ONO
—— Gas phase trans value

o
=]
T

Conformer Abundance [%]

B
o
T

30

. L L L
-10 0 10 20
Deposition Angle [c]

Fig. 3. Conformer abundance of matrix-isolated CH3ONO in Ar as a function of deposition angle
(@) of the cis (blue) and trans (pink) v transition of 500:1 Ar:CH30NO observed between 1690—
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1590 cm™'. The blue and red solid lines represent the gas-phase conformer abundance of 57 +
2% to 43 £+ 2%, where the gas-phase abundance uncertainty is represented in shaded grey.

Table 2. Conformer abundance of freshly deposited 500:1 X:CH30ONO (where X = N> or Ar) at
different deposition angles.

Nitrogen Argon
Deposition Angle cis-CH3ONO trans-CH3ONO  cis-CH3ONO  trans-CH3ONO
()
-10° 63 £ 3% 37+ 1% 61+ 3% 39+ 1%
0° 58 £ 3% 42 + 1% 62 £ 3% 38+ 1%
10° 61+ 3% 39+ 1% 62 £ 3% 38+ 1%
20° 65 £ 3% 35+ 1% 63 £ 3% 37+ 1%

The angle-dependent observations further demonstrate changes in conformer abundances that
cannot be explained by a conformational cooling mechanism. In light of the differences observed
between different bath gases, we consider differences in the dynamics of matrix deposition
between the conformers, including structural and energetic effects. We thus turn to quantum
chemistry calculations of 1:1 binding complexes to guide our interpretation.

3.4. Calculations of 1:1 X:CH3ONO Binding Energies

In this section, we compare the intermolecular interactions between CHzONO and each matrix
gas by calculating the binding energies of simple 1:1 complexes (one CH3ONO molecule
associated with one bath-gas atom or molecule). We use these 1:1 cluster calculations to identify
the range of binding energies for different configurations and conformers. While we recognize the
limitations of such models for reproducing binding energies between a complex matrix surface
and CH3ONO, calculations of CHsONO and model matrix surfaces are not performed due to
significant computational expense. Furthermore, relevant surface morphologies, which are
dynamical quantities, are unknown, increasing the difficulty of developing an appropriate model.
With these caveats in mind, we analyze the high-level quantum chemistry calculations of
gas:CH3ONO clusters. For reference, the energy difference between cis-CH3ONO and trans-
CH3ONO—defined as the energy of the cis conformer minus the energy of the trans conformer in
the absence of a bath gas—is —4.39 kJ/mol.
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N;...cis-CH;0NO N;...trans-CH;0NO
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v a9 o0
9
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Fig. 4. Structural minima for 1:1 complexes of X...CH30NO, where X = N> (1A and 1B), Ar
(2A and 2B) found at the B3LYP-D3/cc-pVDZ level of theory for structures containing N> and
Ar. Structural minima for 1:1 complexes of X...CH30NO where X = Xe (3A and 3B) found at
the B3LYP-D3/cc-pVDZ-PP with corresponding ECP. Carbon (black), nitrogen (blue), oxygen

(red), hydrogen (white), argon (teal), and xenon (purple).

We begin our binding energy analysis with the 1:1 complexes formed with N2. From the 22
structures of each conformer evaluated as part of our survey, we identified the lowest energy 1:1
complexes that contain a single N2 molecule and a given conformer of a CHsONO molecule,
shown Fig. 4, and calculated the binding energies relative to the separated monomers. The binding
energy of minimum-energy structure for the cis conformer (1A) is —5.42 kJ/mol, whereas the
binding energy of the minimum-energy trans structure (1B) is —4.35 kJ/mol, see Table 3. The
difference in complex binding energies—defined as the 1:1 complex binding energy containing
the cis conformer minus the 1:1 complex binding energy containing the trans conformer (AEcis —
AEwans) for a common bath gas—suggest a difference of —1.08 kJ/mol. The negative energy
difference indicates that the N2-van der Waals complex containing the cis conformer is more stable
than that containing the trans conformer. For all optimized geometries of N2:CH3ONO, the average
binding energy of complexes containing the cis conformer is —3.97 kJ/mol, while all complexes
containing the trans conformer have an average binding energy of —3.36 kJ/mol, see Table 4. Even
when considering all possible orientations that result when CH3ONO and N2 form a stabilizing
interaction, the difference in average binding energies is —0.61 kJ/mol, where complexes
containing cis-CH3ONO demonstrate a slight additional stabilization compared to complexes
containing trans-CHsONO. The preferential binding of N2 to cis-CH30ONO will be discussed in
light of the experimentally observed enhancement in Section 4.

The binding energies of the lowest energy complex containing a single Ar atom and a CHzONO
molecule are —3.73 kJ/mol for the cis conformer (2A), and —3.43 kJ/mol for the trans conformer
(2B), see Table 3. This calculation again suggests that the difference in binding energies is —0.30
kJ/mol, where there is slight preference for the trans conformer compared to the cis conformer.
Considering all optimized geometries of Ar:CH3ONO, the average binding energy of complexes
involving the cis conformer is —2.37 kJ/mol and complexes involving the trans conformer is —2.79
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kJ/mol, see Table 4. The difference in average binding energies of all stabilizing complexes is
+0.12 kJ/mol. The lack of substantial preferential binding of Ar to trans-CH3ONO over cis-
CH3ONO will be discussed in comparison with the experimental findings in Section 4.

Finally, for the lowest energy 1:1 complex containing a single Xe atom and a CH3ONO
molecule, the binding energy of the complex containing the cis conformer (3A) is —6.11 kJ/mol,
while the complex containing the trans conformer (3B) binding energy is —6.13 kJ/mol, see Table
3. A binding energy difference of +0.03 kJ/mol between the cis and trans complexes with Xe
suggests that there is little preference for conformer. When considering all optimized geometries
of Xe:CH3ONO, the average binding energy for complexes containing a cis conformer is —4.99
kJ/mol. The average binding energy between Xe and the trans conformer is —4.76 kJ/mol, see
Table 4. For all optimized geometries, the calculations suggest that the cis and trans conformers
do not exhibit preferential binding to a particular conformer. These results will be discussed in
comparison to the experimental findings in Section 4.

Table 3. Summary of the binding energy of the lowest energy 1:1 complex of X...CH30NO,
where X = Ny, Ar, or Xe.

AE Of X . .CiS' AE Of X . .tranS‘CHf;ONo AEcis - AEtrans
CH3ONO (kJ/mol) (kJ/mol) (kJ/mol)
X=N2 | —5.42 —4.35 ~1.08
X=Ar | -3.73 ~3.43 -0.30
X=Xe | -6.11 -6.13 +0.03

Table 4. Summary of the average binding energy of all optimized 1:1 complex of X...CH30NO,
where X = N>, Ar, or Xe.

Average AE of All Average AE of All Average AEcis —
Optimized X...cis- Optimized X...trans- AEtrans (kJ/mol)
CH3ONO (kJ/mol) CH3ONO (kJ/mol)
X=N2 | -3.97 —3.36 -0.61
X=Ar —2.37 —2.49 +0.12
X=Xe | —4.99 —4.76 -0.23

The results of the quantum chemistry calculations of the 1:1 van der Waals complexes show
that there is preferential binding of the lowest energy rotational isomer—cis-CHsONO—when
deposited with N2, which we extend to provide understanding of the process of diffusion on a
surface. Ar and Xe do not exhibit an energetic preference toward the cis or trans conformer,
indicating that energetic arguments are not sufficient for rationalizing conformer enhancement
upon deposition.

4. Discussion

The experimental observations in this paper indicate that cis-CH3ONO becomes enriched in
inert-gas matrices relative to gas-phase abundances. Not only is this enrichment observed in the
matrix, but the degree of this enrichment was also demonstrated to vary as a function of matrix
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host identity (N2, Ar, and Xe) and—in the case of N>—also depends on deposition angle. These
observations are in contradiction to the conventional matrix-isolation assumption that gas phase
abundances are transferred to the matrix phase upon deposition. To investigate the underlying
chemical physics behind our observations, we turn to the literature on surface-mediated processes.
In this section, we discuss how the effects of surface morphology and energetic stabilization
contribute to the observed change in conformer abundance.

When gas-phase molecules are deposited perpendicular to a cold substrate (o = 0°), their
probabilities of desorption and diffusion are decreased, compared to their probabilities when
deposited at an angle. This is because in a perpendicular deposition scheme, Kkinetic energy
transfers more efficiently from the incoming gas molecule to the matrix, speeding the cooling
process.’® When the angle of deposition deviates from normal to an oblique angle, there is an
increase in the momentum component of the molecule parallel to the surface and concomitant
decrease in its perpendicular momentum. Due to the decreased effectiveness of cooling, the
parallel momentum component increases the timescale for surface diffusion and consequently
increases the probability that the molecule desorbs from the surface into vacuum.>"%62 |f the
incoming molecules diffuse on the surface they can: (a) diffuse long enough for a fresh layer of
incoming gases to cover them, (b) interact with surface deformities that aid in dissipating excess
energy and cause the molecules to stick to the surface, (c) insert into a substitutional site, and/or
(d) desorb into vacuum. While there is not extensive research on the surface morphology of inert-
matrix samples during deposition, we endeavor to understand the effects of deposition conditions
on the matrix-isolation dynamics through our experimental results.

To the authors’ knowledge, there have not been experimental investigations into the effects of
deposition angle on the surface structure of inert-gas matrices for the purposes of matrix-isolation.
We therefore turn to the literature on the deposition dynamics of thin films, previously investigated
via MD simulations, Monte Carlo (MC) simulations, and experiments. These published studies
have revealed that changing the incident angle of deposition (at a constant incident energy) can
have various effects on the formed thin film, altering such properties as the surface morphology,
density, and sticking probability.>2°8%6% Mes-adi et al. showed using MD simulations that the
OAD of Cu atoms exceeding 60° from the normal of a Si surface, can produce more voids and
vacancies in a thin film, leading to rougher surface morphology than when deposited from 0° to
45°, which generates a more uniform and smooth surface.®® This is corroborated by Zhu et al.,
using a MC-MD coupling method to show that the surface morphology was almost flat when Cu
atoms were deposited with incident angles less than 45°.% Based on these two model studies
depicting the growth of an atomic species deposited onto a flat surface, in combination with earlier
simulations by Cruz and Lopez that used classical MD simulations to depict the slow-deposition
of Ar at 10 K, we do not expect significant differences in the surface morphologies of the atomic
matrices in this study (Ar and Xe) when the deposition angle is changed.

A limited number of simulation and experimental studies investigating the surface morphology
of matrix-isolated N2> have been performed. Experimental characterization studies of the crystal
structure of N indicate that there are three structural forms: a-N2, B-N2, or y-N2.4%%" While the
temperatures and pressures needed to form y-Nz are outside of the range of this experiment, both
a-N2 and B-N2 packing motifs are possible when depositing a room-temperature gas phase mixture
onto a 10 K substrate. As shown experimentally by Beker et al., through X-ray diffraction and IR
spectroscopy, molecular N2 deposited under matrix-isolation conditions forms a particularly
porous surface due to the random orientation of N2 molecules on the cold substrate.?® As a result,
incoming molecules used in the study (Ar and CHa) were trapped easily in the large pores in the
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N> layer. It has been noted, however, that high-level modeling specifically of the deposition
process of matrix-isolated N> is currently unattainable based on inadequate documentation of the
needed pair potential.l®? Based on the limited literature available, we predict that the surface
roughness of N> increases with larger deposition angles. This increased surface roughness exhibits
an increase in surface deformities and pockets for CH3zONO trapping.

Experimental trends in the angular dependance of the sticking probability can vary greatly
from system to system, as summarized in Kindt and Tully and references therein.%® For example,
CO deposited onto various substrates (Au, Pt, Cu, Ni) exhibit starkly different sticking
probabilities as a function of incident angle deposition.>*3+%%1% Cyrrently, our experiment is not
configured to determine the sticking probability of CH3ONO onto various low-temperature
matrices using a strategy such as the King and Wells technique.'®® However, such a technique
would not provide conformer-specific sticking information needed for this study due to the lack of
isomeric specificity in a commercial mass spectrometer. Future experiments are needed that can
measure conformer-specific sticking probabilities to begin unraveling the competition between
energetic and surface morphological effects on abundance changes during matrix deposition of
CH3ONO in N2, Ar, and Xe, but these are outside the scope of the present study.

In Sections 3.2-3.3 we report a retention of the gas-phase conformer abundance when
N2:CH3sONO is deposited normal to the surface while the cis conformer abundance is enhanced as
the angle of deposition deviates from normal. When deposited normal to the surface, CH;ONO
cools rapidly and does not have sufficient time to diffuse and desorb, resulting in abundances that
match those of the gas phase. When deposited at an angle, the momentum vector of CH3sONO has
a parallel component, enabling processes such as surface diffusion and desorption. Quantum
chemistry calculations indicate that N2:cis-CH3ONO is energetically stabilized relative to
trans:N2. We therefore argue that when N2:CH3ONO is deposited at an angle, CHsONO does not
cool rapidly enough to trap both conformers in their gas phase abundances. Instead, CH3ONO
undergoes processes like surface diffusion and desorption. During these processes, the larger
energetic stabilization of cis:N2 results in decreased desorption of cis compared to trans, leading
to enhancement of the matrix-isolated cis conformer. Energetic stabilization of cis does not
preclude enhancement of the cis abundance from surface morphology effects. However, further
theoretical and experimental characterization of the angular dependence of N2 matrix deposition
is needed.

As reported in Sections 3.2-3.3, conformer abundances of CH3ONO deposited in Ar
indicate an enhancement of cis that does not change with deposition angle. Quantum chemistry
calculations do not indicate strong energetic preference for cis:Ar or trans:Ar. As a result from the
calculations, surface morphological effects are likely to contribute to the enhancement of the cis
conformer. However, because we see no changes in cis enhancement with deposition angle, we
conclude that surface morphologies do not change substantially with deposition angle. Contrary to
the results in N2, we see enhanced cis abundance even at perpendicular deposition angles. We thus
conclude that CH3ONO, even at perpendicular deposition, has sufficient time to diffuse and desorb
at all angles studied, enabling the enhancement of cis due to trapping in surface pockets. We
propose that the smaller van der Waals radius of the cis conformer enables enhanced trapping over
the larger trans conformer, resulting in increased cis abundance in the matrices. However, we
acknowledge that we cannot explicitly rule out that this initial enhancement of cis-CH3ONO occurs
during the gas-phase portion of the deposition process, since our effusive source is much further
from the cold substrate (~8 cm) than previous studies (assumed to be on the millimeter to
centimeter scale based on schematics), allowing for more collisions and/or other processes that
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could enhance the lowest energy conformer,'%2-1%7 although we believe it unlikely given the high
isomerization barrier of this system-

In Section 3.2 we report the conformer abundances of CH3sONO deposited in Xe, indicating a
significant enhancement of cis at a deposition angle of o = 20°. Quantum chemistry calculations,
reported in Section 3.4 do not indicate that Xe binds preferentially to either the cis or trans
conformer. We therefore explain the increased cis abundances in Xe as originating from surface
morphological effects, as found for CH;ONO:Ar. Because the literature on Xe matrix formation
dynamics and surface morphologies is quite sparse, we cannot make predictions about the angular
dependence of conformer abundances. We reiterate a need for future experimental and theoretical
characterization of the surface formation dynamics, morphologies, and sticking coefficients
between CH3ONO and a Xe matrix.

5. Conclusion

Our experimental observations demonstrate an enhancement of the cis conformer abundance
of CH3ONO upon matrix isolation that has not been identified previously. Our systematic study of
the angular and host dependances of the observed isomer abundances implicates gas/surface
interactions during the deposition process as being responsible for this enhancement. We conclude
that enhancement of the cis conformer is due to a competition between energetic stabilization of
cis and enhanced surface trapping of cis due to its smaller van der Waals radius.

At oblique angles of deposition, the parallel momentum of the incoming CH3ONO molecules
enables increased diffusion on the surface compared to diffusion after perpendicular deposition.
Increased time on the surface during diffusion leads to the increased likelihood that molecules can
desorb into vacuum. However, due to preferential binding of a given conformer to N2, suggested
from the 1:1 complex results, we conclude that the enhancement of the lowest energy conformer—
cis-CH3:ONO—is a result of a stronger binding interaction during the diffusion process. The
binding interaction during diffusion will increase the likelihood that the preferential conformer
remains on the surface long enough to become isolated, instead of being desorbed into vacuum.
We conclude that, in addition to the energetic preference, the surface morphology of the N2 matrix
is highly sensitive to the deposition angle due to the random orientation of the diatomic molecule
upon impact. The altered surface morphology with increased deposition angle enables longer
CH3ONO diffusion timescales, resulting in enhanced trapping of the smaller cis conformer and
subsequent cis abundance enhancement.

Since there is no substantial preferential binding between the 1:1 conformers and Ar, we
conclude that the global enrichment of cis-CH3ONO is a result of enhanced cis trapping in surface
pockets due to its smaller van der Waals radius compared to the trans conformer. We also
demonstrated that the cis abundance enhancement does not change with deposition angle,
concluding that the surface morphology of the Ar matrix does not change significantly with
deposition angle.

Quantum chemistry calculations of the 1:1 CH3ONO:Xe complex suggest that there is no
substantial energetic preference between the cis or trans conformers. As in the case of Ar, we
conclude that surface morphology effects enable enhanced trapping of the cis conformer.

We observe that different bath gases and deposition angles create different dynamical matrix
surfaces, changing the conformer abundances of rotational isomers of CHsONO compared to the
gas phase. We conclude that a competition between energetic effects and surface morphological
effects dictate changes in these abundances. Our results highlight the necessity for detailed
characterization of conformer abundances in matrix-isolated systems. These results also emphasize
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the need for future experimental and theoretical studies of the dynamics of inert gas matrix
deposition, including quantification of the effects of local energetic stabilization and enhanced
surface trapping of rotational conformers.
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Fig. 5. Normalized matrix-isolated infrared spectra of the region corresponding to the v3
transition of CH3ONO (1690-1590 cm™!), shown for different low-temperature matrices. The
deposition angle was fixed at o = 20° and the pre-mixed concentration remained constant at
500:1 X:CH30NO, where X = N> (top), Ar (middle), or Xe (bottom). The spectra have been

color-coded showing regions assigned to the cis (blue) and trans (pink) conformers.
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Fig. 6. Conformer abundance of matrix-isolated CH3ONO in N> as a function of deposition angle
(a) of the cis (blue) and trans (pink) v3 transition of 500:1 N>:CH30NO observed between 1690—
1590 cm™!. The blue and red solid lines represent the gas-phase conformer abundance of 57 £
2% to 43 + 2%, where the gas-phase abundance errors are represented in shaded grey.
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Fig. 7. Conformer abundance of matrix-isolated CH3ONO in Ar as a function of deposition angle
(a) of the cis (blue) and trans (pink) vs transition of 500:1 Ar:CH30ONO observed between 1690
1590 cm™!. The blue and red solid lines represent the gas-phase conformer abundance of 57 £
2% to 43 + 2%, where the gas-phase abundance uncertainty is represented in shaded grey.
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Fig. 8. Structural minima for 1:1 complexes of X...CH30NO, where X = N> (1A and 1B), Ar
(2A and 2B) found at the B3LYP-D3/cc-pVDZ level of theory for structures containing N> and
Ar. Structural minima for 1:1 complexes of X...CH30NO where X = Xe (3A and 3B) found at
the B3LYP-D3/cc-pVDZ-PP with corresponding ECP. Carbon (black), nitrogen (blue), oxygen

(red), hydrogen (white), argon (teal), and xenon (purple).
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