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Phonon coupling of water monomers in a solid nitrogen matrix
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The infrared absorption spectra of the H,O, HDO, and D,O monomers isolated in solid N, have
been recorded at various temperatures between 4 and 30 K. A study of the absorption features of the
V1, Vo, and vz vibrational modes for each monomer shows their optical line shapes to be strongly
temperature dependent. For all three modes, a decrease in the absorption amplitude and a propor-
tional broadening of the linewidth was observed with increasing temperature, while the integrated
absorbance remained constant. These observations were explained in terms of phonon coupling, by
which high frequency intramolecular modes decay by exciting matrix phonons. Fits of the linewidth
for the lowest frequency v, vibrational mode to the predicted vibrational relaxation rate in a solid
medium gave average phonon mode frequencies consistent with the Debye frequency for solid Nj.
© 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4795235]

. INTRODUCTION

The cryogenic hosts commonly used in the matrix iso-
lation spectroscopy of water fall into two broad categories.
The first are those such as the solid rare gases (RGs) and p-
H; for which the H,O infrared (IR) spectra contain absorp-
tion bands produced by both quasi-freely rotating and non-
rotating monomers.":> The second are the molecular matri-
ces N, and D, in which H,O monomers do not rotate, pro-
ducing spectra with near-pure vibrational bands.** The lat-
ter matrices therefore present good systems in which to study
basic matrix-molecule interactions without the complexities
of ro-vibrational effects. This is particularly true of solid Ny,
whose relatively high sublimation temperature makes it well-
suited for characterizing the temperature dependence of this
interaction.

As far as we have been able to determine, the only re-
ported study of the temperature dependent behavior of the
non-rotating water monomer has been for H,O isolated in
Kr.> Analysis of this system was complicated by the pres-
ence of absorption bands due to the rotating monomer. How-
ever, it was generally observed that the intensities of the non-
rotational bands decreased reversibly with temperature (7),
approximately as 1/T. These results were explained in terms
of an intermolecular dipole interaction that suppresses rota-
tion among closely trapped monomers at low temperature. In-
creased separation at high temperatures weakens this dipole
interaction and allows these monomers to start to rotating,
thus reducing the intensities of non-rotational bands.

This explanation encounters a number of challenges.
First, there is no corresponding increase in the intensities of
rotational bands with temperature. Second, the existence of
non-rotating H, O monomers in certain matrices is more likely
due to anisotropy in their trapping sites” than to dipole-dipole
interaction. Finally, although heating can induce trapped
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molecules to diffuse, thereby separating them, this effect is
not known to be reversible with temperature.

In the present work, we report on the temperature-
dependent behavior of the H,O, HDO, and D,O monomers
isolated in N,. For each monomer, the IR absorption spec-
tra of the v, bending mode and the v; symmetrical and vj
asymmetrical stretching modes in the range of 4-30 K have
been recorded. Qualitatively similar results are observed in
these systems as in that of HyO/Kr, i.e., a decrease in the
intensity of the absorption peaks with increased tempera-
ture. However, we propose an alternative theory of matrix-
molecule interaction as the mechanism behind these obser-
vations. Fits of the frequencies and amplitudes of the vibra-
tional spectra against temperature show good agreement with
the curves predicted in the case of matrix-induced vibrational
relaxation.® The matrix-molecule interaction can then be un-
derstood as phonon coupling between the water monomer and
the phonon bath of the matrix.

The remainder of this paper is organized as follows: In
Secs. II and 111, the experimental methods and results are pre-
sented. In Sec. IV, the theory used to explain the tempera-
ture dependence of the vibrational modes is discussed. Con-
clusions and perspectives are summarized in Sec. V.

Il. EXPERIMENTAL

As the experimental setup was similar to those used by
our group in previous experiments,’ only a brief description
is given here. The IR absorption spectra were recorded us-
ing a Fourier-Transform (FT) spectrometer (Bruker IFS120
HR). An MCT detector was used together with a Globar light
source, providing detection in the range of 500-4000 cm™!
with an unapodized resolution of 0.1 cm~!. To minimize ab-
sorptions due to air appearing in the spectra, the FT cham-
ber was isolated from the sample chamber and evacuated to a
pressure of 40 Pa.

© 2013 American Institute of Physics
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FIG. 1. Temperature dependent behavior of the HyO v (top), v (center), and v3 (bottom) vibrational bands in the range of 4.5-30 K.

The matrix was grown on a 1 in. diameter BaF, window,
selected for its optical transparency in the infrared region. It
was thermally anchored to the coldhead of a closed-cycle he-
lium refrigerator (Sumitomo-205D) in the sample chamber
and evacuated to a pressure of 107> Pa. The water/nitrogen
gas mixtures were produced using standard manometric tech-
niques at a dilution of 1/2000 and deposited on the window
at a flux of 5 SCCM for 1 h. Gas mixtures were prepared
using Ny (~99.9% pure, Nanjing Special Gas Inc.) and, al-
ternately, D,O (~99.8% pure, Sinopharm Chemical Reagent
Co.) and triply deionized H,O. HDO was obtained from a 1:1
mixture of liquid H,O and D,0O, though it was not separated
from these isotopologs.

Before recording the IR spectra, each matrix was first
annealed by heating to 30 K over 30 min to remove any
monomer occupation in thermally unstable trapping sites. A
resistive heater mounted on the coldhead and controlled by a
PID loop allowed us to stabilize the temperature of the BaF,
window to within 0.2 K between 4.5 K and 30 K. The up-
per limit of this temperature range was determined by the fact
that the structure of solid N, changes from that of a fcc crystal
to that of a hcp crystal above 35 K. These temperatures were
monitored by a silicon diode sensor (DT-470) mounted on the
baseplate holding the BaF, window and read off a Lake Shore
331S controller.

lll. RESULTS

The general features of the IR spectra of H,O, HDO,
and D,O monomers in solid N, are known from previous
work.>#!! In those studies, temperature effects were largely
ignored and high water/nitrogen concentrations (~1/100)

were used to generate dimers and higher aggregates together
with the monomers. A much lower water/nitrogen concentra-
tion has been chosen here to suppress dimer formation, so
that previously published results are not compared directly but
used only as a rough guide for the assignment of the absorp-
tion peaks.

A. H,O/N, absorption spectra

As can be seen in Figure 1, the most dramatic tempera-
ture effects in the H,O/N; system occur for the v, vibrational
mode. As the temperature was increased from 4.5 K to 30 K,
the amplitude of the absorption peak decreased by 84% and its
linewidth broadened proportionately. There was also a simul-
taneous blueshift in its central frequency from 1596.0 cm™! to
1598.6 cm~!. Figure 1 also shows that the absorption peaks
of the v and v; vibrational modes underwent similar changes
in the same temperature range: a decrease in their amplitudes
of 87% and 61%, respectively, together with a proportional in-
crease in their linewidths. The shifts in the central positions of
these two peaks were much smaller, though a small blueshift
in that of the v; vibrational mode was clearly visible. All these
effects were reversible with temperature and, on cooling to
4.5 K, the original absorption profiles were recovered. The
main details of the H,O absorption spectra are summarized in
Table I.

As was also observed for the isolated HDO and D,0O
monomers, the absorption peaks for all three vibrational
modes showed good fits to Lorentzian distributions, indicat-
ing that the broadening due to phonon-coupling is homoge-
neous. A calculation of the area under each peak at different
temperatures based on these fits found it to be nearly constant,
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TABLE 1. Principal features of the absorption spectrum of the HyO/N, system. Here T (K) refers to the substrate temperature; A refers to a peak’s amplitude
at temperature 7 normalized against its amplitude at 4.5 K; v (cm™) refers to the wavenumber; A (cm™') refers to the transition linewidth (FWHM) obtained
from a Lorentzian fit of the optical line shape; 5w (cm ™) refers to the matrix frequency shift relative to the gas phase transition frequency.

Vi %) V3

T A v A Sw A A Sw A v A Sw

4.5 1.00 3634.9 0.3 —22.2 1.00 1597.0 0.3 2.2 1.00 3727.5 1.2 —28.5
10 0.65 3634.9 0.5 —22.2 0.75 1597.1 0.5 2.3 0.86 3727.5 1.2 —28.5
15 0.38 3634.9 0.7 —22.1 0.56 1597.3 0.8 2.6 0.70 3727.5 1.5 —28.4
20 0.28 3634.9 1.1 —22.1 0.37 1597.6 1.0 2.8 0.63 3727.5 1.9 —28.5
25 0.18 3635.0 1.4 —-22.0 0.22 1597.9 1.6 3.1 0.50 3727.3 2.3 —28.6
30 0.11 3635.1 2.0 —22.0 0.16 1598.6 2.4 3.8 0.38 3727.3 2.8 —28.7

meaning that the matrix-molecule interaction can be under-
stood as that of an energetically closed system.

B. HDO/N, absorption spectra

The temperature dependent behavior of the HDO vi-
brational modes in isolation was similar to that of its H,O
analogs. As the temperature increased from 4.5 K to 30 K,
a reversible decrease in the amplitudes and a proportional
broadening of the linewidths of the absorption peaks can be
seen in Figure 2. There is also a clear blueshift in the absorp-
tion profile of the v, mode and a much smaller blueshift in
that of the v mode. Full details of the HDO absorption spec-
tra are given in Table II.

A distinctive feature of the HDO/N,; system is the split-
ting of the v, and v; mode absorption peaks. Although a
second absorption peak is not visible in the spectra of the
v3 modes, a small shoulder at 3682.2 cm™! is taken to have

the same origin as the peak splittings. As explained by Cous-
san et al.,’ these observations are due to the water molecule
occupying a trapping site that distorts the C,, symmetry of
the H,O (and D,0) monomer. An HDO molecule occupying
the same site will then have two possible configurations, with
each one producing a distinct set of vy, v,, and v3 vibrational
mode frequencies.

C. D,O/N, absorption spectra

Figure 3 shows that the temperature dependent behav-
ior of the D,O/N, system was closest to that of the H,O/N;
system. As the temperature increased from 4.5 K to 30 K,
there was the same reversible decrease in the amplitudes of
the vy, vy, and v3 mode absorption profiles of 92%, 90%, and
68%, respectively, together with a proportional broadening of
their linewidths. The changes in the central positions of the
D,0 absorption peaks were also in agreement with previous
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FIG. 2. Temperature dependent behavior of the HDO v (top), v, (center), and v3 (bottom) vibrational bands in the range of 4.5-30 K.
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TABLE II. Principal features of the absorption spectrum of the HDO/N; system. The units and symbols here are the same as those used in Table 1.

Vi V2 V3

T A v A Sw A A Sw A v A Sw

4.5 1.00 2705.7 0.2 —18.0 1.00 1404.2 0.2 0.7 1.00 3681.8 0.3 —25.7
0.61 2705.9 0.2 —17.8 0.79 1404.8 0.3 1.3

10 0.53 2705.7 0.3 —18.0 0.67 1404.4 0.4 0.8 0.75 3681.8 0.4 —25.6
0.39 2705.9 0.3 —-17.7 0.60 1404.9 0.4 1.4

15 0.29 2705.7 0.5 —18.0 0.47 1404.6 0.6 1.1 0.44 3681.8 0.8 —25.6
0.24 2706.0 0.6 —17.7 0.40 1405.0 0.7 1.5

20 0.19 2705.7 0.8 —18.0 0.35 1405.9 1.0 1.4 0.29 3681.8 1.3 —-25.6
0.15 2706.0 0.8 —17.6 0.27 1405.4 1.3 1.9

25 0.20 2705.6 1.0 —18.1 0.22 1405.0 1.5 1.5 0.20 3681.8 2.0 —25.6
0.09 2706.0 1.2 —17.6 0.22 1405.7 1.7 2.2

30 0.15 2705.7 1.6 —18.0 0.17 1405.9 2.7% 2.4 0.15 3681.9 3.0 —25.6
0.10 2706.2 1.9 —17.5 0.17 1405.9 2.7% 2.4

“Peaks are very difficult to resolve at high temperature and have therefore been given the same FWHM.

results. The spectrum of the v, mode shows a clear blueshift, excited vibrational level is then'?

while there is almost no shift in the spectrum of the v; mode

and only a weak blueshift in the spectrum of the v; mode. 7 =Vir + vk (1)

Full details of the isolated D,O absorption spectra are given
in Table III.

IV. DISCUSSION

In the general description of the optical excitation of a
matrix isolated molecule within a single electronic configu-
ration, relaxation occurs through IR emission, with charac-
teristic lifetime yI_RI, and parallel vibrational relaxation (VR),
with characteristic lifetime y, 5. The overall decay rate of the

The radiative decay rate, y g, is temperature indepen-
dent and is taken here to be negligible compared to the VR
rate, yyg. The explicit temperature dependence of the over-
all decay rate, 7, is therefore only determined by the nature
of the VR path, i.e., whether it is direct or indirect. An in-
direct VR process proceeds sequentially: a high frequency
vibrational mode is first converted into the one at lowest
frequency by intramolecular- and matrix-induced coupling;
phonon-coupling subsequently induces VR of the lowest fre-
quency mode by the transfer of energy to matrix phonons. In
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FIG. 3. Temperature dependent behavior of the D,O v (top), v (center), and v3 (bottom) vibrational bands in the range of 4.5-30 K.
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TABLE III. Principal features of the absorption spectrum of the D,O/N; system. The unit and symbols here are the same as those used in Table I.

Vi V2 V3

T A v A Sw A v A Sw A v A Sw

4.5 1.00 2655.4 0.2 —16.2 1.00 1178.4 0.2 0.0 1.00 2766.0 0.7 —21.8
10 0.64 2655.4 0.3 —16.2 0.72 1178.5 0.3 0.1 0.87 2766.0 0.8 —21.8
15 0.33 2655.5 0.5 —16.2 0.38 1178.7 0.6 0.3 0.67 2765.9 1.1 —21.8
20 0.21 2655.5 0.8 —16.2 0.23 1178.9 1.0 0.6 0.53 2765.9 1.3 —21.8
25 0.13 2655.6 1.2 —16.1 0.16 1179.3 1.4 0.9 0.41 2765.9 1.7 —21.8
30 0.08 2655.6 1.9 —16.0 0.10 1179.6 2.0 1.2 0.32 2765.8 2.2 —-21.9

a direct VR process, the dissipation of vibrational energy by
the excitation of matrix phonons occurs without preliminary
decay to other intramolecular modes.

By these definitions, for the isolated H,O, HDO, D,0
monomers, the VR of the higher frequency v, and v; modes
will be indirect with some decay to the lower frequency v,
mode. Because of the complexity of the decay processes of
the higher energy modes, explicit solutions for their VR rates
have not yet been developed. By contrast, the VR of the v,
mode is direct and the complications due to intramolecular
coupling are absent. In theoretical studies of the lowest en-
ergy mode, the molecule is typically treated as a harmonic
oscillator weakly coupled to a heat bath representing the ma-
trix. As discussed below, the behavior of this system can then
be analyzed by solving the equations of motion arising from
various model Hamiltonians.

A. Temperature dependence of the v,
vibrational mode

In the present work, the behavior of the v, mode is found
to be well-modeled by a Hamiltonian that treats the molecule-
matrix coupling as linear in the intramolecular displacements.
Solutions to the equations of motion obtained from it have
been exposed in detail by Nitzan e al.'? Initial agreement
with our experimental observations is seen in the theoretically
calculated line shape of the absorption profile, L(E), which at
zero temperature (T = 0) is a Lorentzian of the form,"3

_r

(E —of + 7%

for which w is the unperturbed vibrational frequency.
In our analysis of the temperature dependence of A for

the v, mode, we assume that we are sufficiently close to the

above temperature limit that the linewidths of the absorption

profiles are equal to the VR decay rate (i.e., A >~ yyr). We

therefore make use of the expression derived by Jortner'* for

yvr in the low temperature regime (kT/hc < 2),

S2
) ) (3)

L(E) @

N+1

where 8 = hc/kT. As defined in Ref. 14, S is the prod-
uct of the density of phonon states, p,(£2,), and the square
of the molecule-matrix coupling terms, G,, integrated over
the phonon frequencies, €2,. It is effectively a dimension-
less constant measuring the average matrix-molecule cou-
pling strength. The Einstein approximation for the phonon

o r(T)/yv(©) = 1 + ¢ 2 (N +

modes has been invoked, so that the coupled mode has or-
der N = w/Q2 and is characterized by an average phonon
frequency, Q2 = (£2,), of the phonon states v = {1, 2..N}.
It should be noted that in the high temperature limit (kT/hc
> Q), yvr(T)/yvr(0) is proportional to 1/T, agreeing quali-
tatively with the behavior cited for the H,O/Kr system.’

Figure 4 shows the results of a least-squares fit of the
linewidths, A of Tables I-III, to Equation (3). The gas-phase
values were used for @ and the matrix-molecule coupling was
assumed to be sufficiently weak that the lowest measured
value of A could be used as its zero temperature linewidth
(i.e., A(4.5) >~ Ay). For reasons not yet fully understood, only
the first, lower frequency peak of the HDO/N, system could
not be adequately fit under these conditions. Nonetheless, the
remaining fits gave Qtobe 40 £ 4 cm~', 36 =3 cm™', and 33
+ 4 cm™!, for isolated H,O, HDO, and D,0, respectively.
These values show good agreement with each other as would
be expected for isotopologs of water isolated in the same ma-
trix. They also show a further consistency in being on the or-
der of the Debye frequency of solid N, (69 cm™!).

The least accurate fit was obtained for the HDO/N, sys-
tem, whose relatively high x? value of 2.0 reflects the dif-
ficulty in resolving the linewidths of its two peaks. For the
H,O/N; system, however, a comparable X2 value of 1.5 is at-
tributed to the weakness of the approximation for the zero

— H,0 v, mode fit — HDO v, mode fit
Q=40t4cm™; =15 |[Q=36:3cm”; " =2. 0=33t4cm™;42=0.2
IS =9+1; N = 40+4 IS =23+1; N = 39+4 IS =13+1; N = 36+4

10 - -

— D,0 v, mode fit

P IR R P IR R P IR R
0 10 20 30 0 10 20 30 O 10 20 30

Temperature (K)

FIG. 4. Least-square fits of the temperature-dependent linewidths, A, for the
vy mode of matrix isolated H,O (left), HDO (center), and D,O (right). Only
the second, higher frequency peak for the HDO/N; system has been plotted.
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FIG. 5. Least-square fits of the matrix shifts, Sw, for the v, mode of ma-
trix isolated H,O (top), HDO (center), and D,O (bottom). To accord with
Figure 4, only the second, higher frequency peak for the HDO/N; system has
been plotted.

temperature linewidth in this case, which results in an un-
derestimate of the coupling constant S. Assuming a stronger
matrix-molecule coupling for the isolated H,O monomer
would imply that the linewidth is more sensitive to tem-
perature (i.e., A(4.5) > Ayp), satisfactorily explaining why
the observed low temperature linewidths are higher than the
theoretical values given by the weak coupling approxima-
tion. Conversely, the excellence of the fit for the D,O/N,
system (x2 = 0.2) is attributed to weak matrix-molecule
coupling which makes the approximation for the zero tem-
perature linewidth (i.e., A(4.5) >~ Ay) valid.

Figures 1-3 show that the central frequency of the v,
mode absorption profile also has a strong dependence on the
temperature of the matrix. The matrix shift, w, has been de-
fined as the difference between this central frequency and the
value of the vibrational frequency of the mode in the gas
phase. For all three isomers, the frequency of the v, mode
is blueshifted (i.e., dw increases) as the temperature rises.
This behavior is attributed to phonon-coupling and the ex-
plicit temperature dependence of dw can be derived to first
order from Refs. 6 and 15 as

Sax(T) o< yyr(T)/ (0 — L2). “

The matrix shift is therefore also expected to be propor-
tional to the linewidth. Figure 5 shows the results of least-
squares fits of the values of dw given in Tables I-III to
straight lines. The linearity observed between dw and A for
each monomer confirms the common origin of their temper-
ature effects. As in Figure 4, the best fit was obtained for the
D,0/N; system (x? = 0.3), which can be explained by its
weak matrix-molecule coupling. Meanwhile, the relative in-
accuracy of the fit for the HDO/N, system (x 2 = 2.3) is again
understood as being due to the difficulty of resolving the fea-
tures of its two absorption peaks.

We invoke a simple conservation of energy argument
to explain the behavior of the amplitudes (A) of the v,

J. Chem. Phys. 138, 114303 (2013)

mode absorption peaks. Integration over these peaks for each
monomer finds the area under them to be constant at all tem-
peratures, indicating that the absorption and the decay pro-
cesses form an energetically closed cycle. For a Lorentzian
distribution, this area is expressed in terms of a product of the
amplitude and the linewidth (i.e., AA). The increase in the de-
cay rate due to more efficient VR at higher temperatures can
therefore be equivalently expressed by a larger linewidth or a
proportionately smaller amplitude.

B. Temperature dependence of the v and v3
vibrational modes

As discussed earlier, analysis of the v; and v3 mode is
made difficult by the fact that their VR is indirect. To achieve
a qualitative interpretation of their behavior in isolation, we
broadly identify the linewidth, A, with the VR decay rate,
yvr- (Equation (2), however, shows this approximation to
be strictly true only for the v, mode in the low temperature
limit.) Although absorption features such as the matrix shifts
remain unexplained, the temperature dependent behavior of
the linewidths is consistent with the picture of direct and in-
direct VR for high frequency modes.

In Figure 6, the linewidths, A, for the vy, v, and v;
modes for isolated H,O, HDO, and D,0O have been plotted
against temperature. The values of A for the v; mode are
generally observed to be lower than those for the v, mode.
Assuming that A is strongly correlated to yy g, we interpret
this result as pointing to the v, mode as the principal gate-
way for relaxation to the ground state once it has been pop-
ulated by preliminary decay stages from the v; mode. The
presence of these preliminary decay stages should be more
obvious at high temperature when the v, mode VR becomes
most efficient and they act as a bottleneck in the overall de-
cay process. Thus, at low temperature, values of A for the v,
mode follow closely those for the v, mode. At temperatures

—e—H,0 v, mode
—=—H,0 v, mode

;A*HQO v, mode
A

—®—HDO v, mode
—=—HDO v, mode
- A
—A—HDO v, mode

—e—D,0 v, mode
—=—D,0 v, mode

L‘*DZO v, mode

A

A (cm 1)
>\>
\

\>
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a | /ZE 4

olb— 1 0 P TP R | PR T R |
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FIG. 6. Plots of the FWHM, A, for the v, v, and vz modes of matrix iso-
lated HoO (left), HDO (center), and D,O (right). Only data for the first, low
frequency peaks of the HDO/N; system have been plotted, since it is the one
most clearly visible for all three modes. For the sake of clarity, error bars have
been omitted.
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approaching 30 K, however, the plots for H,O and HDO show
that the relaxation rate of the v; mode lags behind that of the
v, mode. Due to the weaker matrix-molecule coupling
of the D,O monomer, this effect is likely to be only clearly
visible at higher temperatures.

For the isolated H,O and D,O monomers, values of A
for the v3 mode are clearly higher than those for the v, mode,
supporting the idea that the highest energy mode has the most
decay paths available to it. Strong coupling of the v3 mode to
the N, vibron mode (2360 cm™!) would also allow the latter
to act as an efficient decay path. In this context, the v3 mode
of the HDO monomer appears anomalous since its values of
A are not significantly higher than those of the v, mode at
low temperature. A possible explanation is that, despite the
availability of other relaxation paths for the v3 mode, decay
through the v, mode remains the dominant one.

The behavior of the amplitudes of the v; and v3 mode ab-
sorption peaks can be explained using the same conservation
of energy argument above. Assuming indirect VR through the
v, mode to be a major decay path, we can expect A for the v
and v3 modes to be approximately linear with 1/A. However,
the exact relationship between the linewidth and the ampli-
tude of the absorption peak will depend on the nature of the
coupling between the v, mode and the v; and v; modes in
isolation.

V. CONCLUSIONS

The infrared spectra of H,O, HDO, and D,O isolated in
solid N, have been recorded in the 5004000 cm~' range.
The vibrational frequencies of the vy, v, and v3 intramolecu-
lar modes for each monomer in isolation showed strong tem-
perature dependent behavior. In their corresponding optical
profiles, a decrease in the absorption amplitude together with
a proportional broadening of the linewidth was observed with
increasing temperature. For the v; and v3 modes, these obser-
vations were qualitatively explained in terms of indirect VR
by preliminary decay to the v, mode followed by direct VR
via the excitation of matrix phonons. For the lowest frequency
v, mode, a quantitative model for direct VR was able to ac-
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count for the broadening of the linewidth and the blueshift in
the central frequency of the absorption profile with increasing
temperature. It also gave average phonon mode frequencies of
40+ 4cm™t, 36 £ 3 cm™ !, and 33 + 4 cm™! for the H,O/N,,
HDO/N;, and D,O/N; systems, respectively—on the order of
the Debye frequency of solid N5.

Obvious extensions of this work, such as a study of the
temperature dependence of the non-rotational bands of the
water monomer isolated in the RGs, are currently being ex-
plored. These should provide a deeper understanding of the
complex matrix-molecule interactions for the isolated iso-
topologs of water.
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