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Infrared spectroscopy is used to investigate the process of molecular hydrogen ortho-to-para (o/p) conversion
in solid hydrogen samples doped with small concentrations (10-50 ppm) of hydrogen atoms (H-atoms) as an im-
purity. The H-atoms are generated using the in situ 193 nm photolysis of N,O dopant molecules. For hydrogen
crystals with relatively low initial ortho-H, fractions (X, < 0.03), the o/p conversion kinetics at temperatures of
1.8 and 4.0 K follow kinetic equations developed previously for H-atom catalyzed o/p conversion. The measured
H-atom catalyzed o/p conversion kinetics indicates the H-atoms are mobile under these conditions in agreement
with previous ESR measurements. It has been proposed that the H-atoms diffuse by a quantum tunneling mecha-
nism that is described as chemical diffusion. Detailed fits of the measured o/p conversion kinetic data allow the
initial H-atom concentration after photolysis to be extracted assuming literature values for the H-atom recombi-
nation rate constant (H + H — Hj). The measured o/p conversion kinetics show the observed o/p conversion is
much less than expected based on the previously measured H-atom recombination rate constant and thus suggest
that the H-atoms do not diffuse randomly through the crystal but rather diffuse preferentially in regions of high
para-hydrogen content. The estimated H-atom concentrations from this study are consistent with previous ESR
measurements but in conflict with kinetic studies of H-atom reactions with various dopants such as N,O.

Keywords: solid hydrogen, quantum solid, ortho-para conversion, quantum diffusion, nuclear spin conversion,

quantum mechanical tunneling.

1. Introduction

Diffusion mass transfer in solid molecular hydrogen
continues to be an active area for research due to the pro-
nounced quantum mechanical properties of this simplest
molecular solid [1-3]. The diffusion of ortho-hydrogen
(oHy) [4,5], hydrogen atoms (H-atoms) [6—14], and HD
impurity molecules [15-17] in solid para-hydrogen (pH»)
have all been studied at various levels of detail. The chem-
ical instability of the H-atom makes it both the hardest and
most interesting to study. The study of H-atom reactions
with various dopant molecules in solid molecular hydrogen
crystals at liquid helium temperatures allow for the diffu-
sion and reactivity of H-atoms to be studied under con-
trolled low temperature conditions [18—27]. Our group has
been studying the details of a number of H-atom reactions
in solid hydrogen such as H + N;O — cis-HNNO — ¢rans-
HNNO in highly enriched (99.97%) pH; crystals in the 1.8 to
4.3 K temperature range [20]. For this bimolecular reaction
to occur in solid pH; the reactants (H + N2O) must diffuse
next to each other. While diffusion of N>O in solid pHj,
under these conditions is thought to be exceedingly slow,
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H-atoms occupy substitutional sites [28] in the solid pHj
crystal lattice and are known to move through the crystal by
a tunneling mechanism known as chemical diffusion [6—14].
This mechanism relies on repeated H + H, — H» + H tun-
neling reactions instead of a physical exchange between
an H-atom and a neighboring H, molecule [13]. H-atom
chemical diffusion has been known to occur [6] for some
time now and has been studied using a variety of tech-
niques [6—14]. Yet chemical diffusion relies on quantum me-
chanical tunneling of the H-atom from one lattice site to
another and thus this diffusion mechanism is very sensitive
to the specific experimental conditions. For example, at tem-
peratures below 4.5 K the H-atom chemical diffusion rate is
independent of temperature and displays a non-monotonic
dependence on the oHj fractional concentration (X,) [7,12].
Even more intriguing, due to the properties of quantum
solids such as solid pHp, it has long been predicted that
defects such as H-atoms move through the crystal in a co-
herent fashion [29,30]. If true this unique diffusion mecha-
nism could result in qualitatively new H-atom reaction ki-
netics with other chemical impurities and high rates of mass
transfer even at temperatures well below the Debye tem-
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perature (6p = 120 K) [3]. The most direct way to measure
H-atom diffusion in solid pH, is based on ESR measure-
ments of the H-atom itself [6—14]. However, our group uses
exclusively Fourier transform infrared (FTIR) spectroscopy
to measure the kinetics of H-atom reactions with various
reactants and ESR spectroscopy is not easily implemented
using our hydrogen deposition technique [31-33]. We have
tried to find a way to measure the H-atom concentration using
FTIR spectroscopy to better constrain potential reaction me-
chanisms. We have been unsuccessful in observing previ-
ously identified H-atom induced solid pH» transitions [34]
that would allow us to monitor the H-atom concentration
directly in the IR region under our reaction conditions. We
therefore decided to adopt an indirect method, similar to
previous studies [11], that is based on measuring the H-atom
catalyzed ortho-to-para (o/p) conversion of a solid molecu-
lar hydrogen sample to extract the time dependent concen-
tration of H-atoms in the sample.

As we have shown previously [35] the fractional oH»
concentration of solid hydrogen, X, = Northo/(NorthotNpara)
where N is the density of molecules in the probe volume,
can be measured quantitatively using FTIR spectroscopy
via the intensities of specific solid hydrogen IR absorptions
that are proportional to the oH, or pHj fractional concen-
tration. Abouaf-Marguin and co-workers used FTIR spec-
troscopy [36—40] to study O catalyzed o/p conversion of
solid normal hydrogen (nH3) co-doped with H,O, CH3F,
and CHy. Similarly, Shevtsov and co-workers studied O»
catalyzed o/p conversion in nHp using ESR spectroscopy
and developed a kinetic equation that can be used to ex-
tract the rate constant for catalyzed conversion [41,42].
Both of these research groups show in their investigations
the paramagnetic Oy impurity catalyzes o/p conversion with-
in the solid. The heavy O, impurity is thought to be immo-
bile in solid hydrogen and thus the kinetics of O, catalyzed
o/p conversion is diffusion controlled and limited by the
rate at which oH diffuses next to an O molecule within
the solid.

The o/p conversion kinetics in solid hydrogen catalyzed
by the H-atoms should be qualitatively different from O,
because the H-atom paramagnetic catalyst is mobile even
at temperatures below 4 K. Through a variety of ESR mea-
surements [12], Kumada and coworkers examined both
H-atom diffusion and recombination separately as a func-
tion of X, at ~4 K. These measurements show that at
X,>0.1 the H-atom recombination rate constant is con-
sistent with the measured H-atom diffusion coefficient,
while at X, < 0.1 the recombination rate is too slow. This
suggests that at low X, values the H-atom recombination
reaction is no longer diffusion limited but rather constrain-
ed by some other property. Momose and co-workers were
the first to study the H + NO — HNO reaction in highly
enriched pHj solids [19]. This reaction is barrierless simi-
lar to H-atom recombination and thus it was assumed to be
diffusion limited where the rate constant for the reaction

ku—~o 1s directly related to the H-atom diffusion coeffi-
cient. However, the measured rate constant was 100 times
larger than the rate constant for the H-atom recombination
reaction under similar conditions [19]. In that paper [19]
the researchers pointed out that, “The discrepancy is so
obvious that further experiments may be needed to under-
stand the rate obtained in this study”.

The purpose of this study is to investigate if H-atom
catalyzed o/p conversion of solid hydrogen samples can be
used to indirectly measure the H-atom concentration. Spe-
cifically, we will study the H-atom catalyzed o/p conver-
sion of pHj solids with X, < 0.03 using the 193 nm in situ
photolysis of N>O to generate H-atoms. We chose this pre-
cursor molecule for a variety of reasons: (1) NoO has
an appreciable cross section [43,44] at 193 nm to generate
O-atoms that can react with the pH» host to generate H-atoms,
(2) 193 nm photolysis also generates Ny co-fragments that
are closed-shell and therefore cannot catalyze o/p conver-
sion effectively, and (3) we are interested in the H + N>O
reaction that can be initiated using N,O as a photolysis pre-
cursor [20]. It is well known from gas phase studies that
[43,45],

N0 +hv(193 nm) > Ny (X '£)+0('D) (1)

and thus in situ photolysis of NoO generates H-atoms via
subsequent fast reactions of the ejected O-atom with the pHj
host. We know H-atoms are produced because the in situ
photolysis generates HoO photoproducts and because we
have measured the ensuing H + N>O reaction kinetics [20].
We chose not to use O, or NO as photolysis precursors for
O-atoms because these species are paramagnetic and can
also catalyze o/p conversion thereby complicating the in-
terpretation of the results [36]. The work presented here
builds off our previous FTIR measurements that used
355 nm photolysis of Cly precursors and the IR initiated
Cl+ Hp(v = 1) = HCI + H reaction to follow the H-atom
catalyzed o/p conversion in solid hydrogen [35]. One major
difference between the present studies and the Cl, photolysis
studies is that in this case we can quickly (~6 min) generate
high concentrations of H-atoms whereas the Cl-atom stu-
dies relied on IR radiation to generate H-atoms which is
a slower process (100-200 min) due to the smaller fluence
of the IR source [35,46]. In addition, the 355 nm CI, pho-
tolysis step in these studies produce Cl-atoms that can also
effectively catalyze o/p conversion starting at X, ~ 0.5 as
we showed [35]. The FTIR measurements presented here
compliment the previous ESR measurements of H-atom
catalyzed o/p conversion [10,12] and we hope to one day
use the combined techniques of ESR and FTIR to investi-
gate H-atom quantum phenomena in solid pHp.

This paper is organized as follows. In Sec. 2 we briefly
describe the model of H-atom catalyzed o/p conversion
adopted here to analyze the kinetic results. In Sec. 3 we
present the experimental details used to synthesize and
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characterize the H-atom doped pH; solids. In Sec. 4 we
report the results and analysis of eight different solid pHj
samples with varying photolysis and deposition conditions.
Finally, in Sec. 5 we summarize our main results and out-
line the outstanding questions that remain.

2. Model of H-atom catalyzed conversion
in solid hydrogen

The model of H-atom catalyzed o/p conversion adopted
here is based on the model developed by Shevtsov and co-
workers [10] in their analogous ESR studies of H-atom
catalyzed o/p conversion of nHj. This allows us to intro-
duce the various equations and parameters involved in the-
se studies so it is easier to discuss the experimental results
in Sec. 4.

Any analysis of H-atom catalyzed o/p conversion of
solid molecular hydrogen must account for two time-de-
pendent processes: (1) the rate of H-atom catalyzed o/p con-
version and (2) the decay of the H-atom concentration via
recombination and other potential chemical decay chan-
nels. In addition, the overall o/p conversion observed is the
sum of the self-conversion (oH, + oH, — pHj + oHjy) and
H-atom catalyzed conversion (H + oHy — H + pH») pro-
cesses. To a first approximation, both o/p reactions can be
considered diffusion-limited bimolecular reactions, in the
first case between two diffusing oH, molecules, and in the
second case between an H-atom and an oHy molecule. Fur-
thermore, it is assumed that the diffusion of oH; and H-atoms
is isotropic and homogenous and, thus, both diffusing spe-
cies are allowed to move throughout the entire crystal lat-
tice. Hence, the total conversion process is described by
the following differential equation [10]

1206

= kot —heonyry @

where n, is the number density of oH» in the crystal, &, is
the self-catalyzed rate constant, k.. is the H-atom catalyzed
rate constant, and ny is the number density of H-atoms in
the sample. The first term on the right-hand side of Eq. (2)
accounts for the self-conversion o/p process and the second
term accounts for H-atom catalyzed o/p conversion. The
H-atom recombination reaction competes with the H-atom
catalyzed o/p conversion, as

d}’lH

o= —2k,nfy, 3)

where k; is the rate constant for the H-atom recombination
reaction. This is a textbook example of second-order kinet-
ics with the corresponding integrated rate law [47]. If the
initial concentration of H-atoms is large enough, so that
knu(0) >> kony(0), then the time dependence of X, is
simply represented as follows [10]:

X,(0)

X, =—0
[1+ 24,y (0)¢] P

“
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where X,(0) and ny(0) are the initial oH, fractional con-
centration and H-atom number density, respectively, and
B = kee/2k,. Thus, one expects that X,(¢) (or equivalently
no(t) should decay in a similar fashion to the concentration
of a reactant that is undergoing second-order kinetics, yet
augmented by the P-parameter, which reflects the ratio
of the relevant rate constants. From the literature [3], &k, =
=1.22(3)10 2% cm® min "'mol ", This value is typically
reported [3] as 1.9085)% h' but by using the density of
solid pHj (2.6OO~IO2 m01~cm_3) we can convert it to more
conventional units. The rate constant for the H-atom re-
combination reaction [12] at X, = 0.01 is significantly
larger at k. = 1910 %% em®-min "“mol”" which reflects 1)
the larger diffusion coefficient for an H-atom compared to
an oHy molecule and 2) the faster o/p conversion rate for
an H-atom with an unpaired electron compared to an oH,
molecule with non-zero nuclear spin. The approximately
million times larger &, rate constant means that the assump-
tion used to simplify the kinetics (kng(0) >> ky,X,(0))
should be justified even for relatively small H-atom con-
centrations (e.g., 5-50 ppm). However, FTIR spectroscopy
cannot measure the time dependence of ny(f) directly and
thus we can only estimate ny(0) based on least squares fits
of our o/p conversion kinetic data to Eq. (4) and by extract-
ing the k;ny(0) parameter from the fit. Once the parameter
is determined, we can estimate the ny(0) concentration by
dividing the fitted parameter k,n5(0) by the literature value
of k.. This procedure allows us to estimate the initial H-atom
concentration from detailed fits of the H-atom catalyzed
o/p conversion kinetics, which is useful for interpreting
chemical kinetics involving H-atoms as reactants.

3. Experimental

The “rapid vapor deposition” technique developed by
Fajardo and Tam is employed to produce ~2 mm thick op-
tically transparent crystals of NoO doped solid hydrogen
[31-33]. The N»O doped hydrogen solids are grown by co-
deposition of separate H» host (Linde Gas, purity: 99.999%)
and N>O dopant (Sigma-Aldrich Isotec, N 98%, %0 95%)
gas streams onto a BaF; optical substrate cooled to ~2.5 K
within a liquid He bath cryostat. The pHj gas is deposited
at an approximate flow rate of 270 mmol-h . Pure pHj is
deposited for a short period of time at both the beginning
and end of the crystal growth process to ensure the N,O
dopant is homogeneously distributed throughout the sample.
The oH; content in the crystal is controlled by passing nHj
gas through a variable low-temperature o/p converter packed
with a paramagnetic Fe(OH)3 catalyst during deposition.
The X, value of the solid is dictated by the thermal equilib-
rium established in the o/p converter during deposition
because o/p conversion within solid Hy is very slow [3].
Therefore, the X, value in the crystal can be predicted from
the temperature of the o/p converter (7,/,) using the rota-
tional partition function of Hy and assuming complete nu-
clear spin equilibration. In this study the o/p converter is
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operated at 20, 25, and 30 K producing samples with corre-
sponding X, values of 1.76:10 >, 9.63-10 >, and 29.5-10 >,
respectively.

The H-atom doped pHj solids are prepared via 193 nm
in situ UV photolysis of NoO precursor molecules. The N,O
doped pHj crystals are photolyzed using the 193 nm output
of an ArF excimer laser operating at 250 Hz with a pulse
energy of 0.38-0.54 mJ -pulsef1 and cross sectional area of
~50 mmz, controlled by an iris placed in front of the cryo-
stat. The 193 nm photolysis beam is aligned to impinge on
the sample at 45° with respect to the surface normal of the
substrate. Samples were photolyzed for 1.5 to 6.0 min for
as-deposited samples at 1.8 K or annealed samples at 4.0 K.

IR spectra are recorded with a FTIR spectrometer
(Bruker IFS-125-HR) using a transmission optical setup
where the IR beam is focused through the sample with the
main optical axis parallel to the substrate surface normal.
Near-IR spectra at 0.03 cm ! resolution are recorded from
1800 to 8000 cm " using a CaF; beamsplitter, tungsten
source, and liquid nitrogen-cooled InSb detector. The o/p
conversion kinetics is typically measured by recording
spectra with 9 or 25 averages corresponding to 1.97 and
5.48 min acquisition times, respectively. In these studies,
time ¢ = 0 is defined as the end of the photolysis exposure
and the midpoint of each FTIR scan (¢ = #p + 0.5facquisition)
is the reported time. Note that faster acquisition times are

0.30 —————F—————1————1T
] 0)+S,(1 E
0.25 4 Q0)+S4(1) U,(0) n
1 [Q)#si() 1 :
0.20 J s
< 0151 -
o)) . S,(0)+S,(0) .
fe! ] ——————— [
Ui \\J 5260 5270 ¢
0.05 - o
0.00 - L f
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4800 5000 5200 5400

Wavenumber, cm’'

Fig. 1. Representative FTIR absorption spectrum of a N,O doped
solid pH, sample displaying the absorptions used in this study to
monitor path length, X, and X, We use the two overlapping
double transitions Q1(0) + Sp(1) and Q1(1) + Sp(1) at 4736 em !
to monitor X,, the Uj(0) single transition (see inset) near
5261 cm ' to monitor Xpep» and the §1(0) + Sp(0) double transi-
tion at ~4840 cm ' to determine the path length of the crystal.
Note also visible in this region are the Si(1) transition near
4704 cm™', the S 1(1) + 8p(0) transition near 5064 cm_l, and
the Q1(0) + Uy(0) transition near 5320 cm” . This is the spectrum
of an as-deposited sample (Expt. 5) recorded at 1.82(1) K with
X, =0.02824(5), d = 0.204(1) cm, and [N,0O] = 119(1) ppm.
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typically used at early times post-photolysis for increased
temporal resolution and then slower acquisition times
(more averages) are adopted at later reaction times to im-
prove signal-to-noise (S/N).

A variety of properties of the doped pH> solid are moni-
tored using FTIR spectroscopy including crystal thickness,
crystal structure, and X,. Figure 1 displays a typical FTIR
spectrum in the region of the absorptions used to measure
various properties of the pHy crystal. The crystal thickness
(IR path length, d) is determined using the integrated in-
tensities of the Q1(0) + Sp(0) and/or the S1(0) + Sp(0) solid
pH> double transitions and the proportionality constants
90(2) and 7.0(2) cm_z, respectively, determined by Fajardo
and co-workers [33,48]. The intensities of these double
transitions are not sensitive to crystal structure and thus
these absorptions are well suited for thickness measure-
ments [33]. For all the samples studied here, the crystal
thickness determined using these double transitions agreed
to within 5% and, thus, reported d values are obtained from
the higher S/N 01(0) + So(0) double transition. We use the
term “as-deposited” to refer to hydrogen samples right after
deposition that have never been exposed to temperatures
above ~2.5 K. The as-deposited solids are known to exhibit
a mixed hexagonal-close-packed (hcp) and face-centered-
cubic (fcc) crystalline morphology [49]. We can monitor the
fraction of hep crystal structures, Xpcp = Nicp/(Niep + Nree),
using the U1(0) single transition at 5261 cm! (see inset of
Fig. 1) [50-53]. As discussed by van Kranendonk [1,54],
the intensity of zero phonon single IR transitions in solid
pH> are subject to the “cancelation effect”, which arises
because the dipole moments induced by intermolecular
interactions between a molecule and its neighbors tend to
cancel one another. Thus, the U7(0) transition is only pos-
sible for pH, molecules in crystal sites that lack a center of
inversion (i.e., hcp) [33]. We can therefore use the follow-
ing equation to measure Xjp,

#J‘ log
adeNA

I
Xjep =2303 {ﬁ

1) }dv’ ®
where ¢ is the speed of light, o is the absorption coeffi-
cient (7.50(10)-10"7 em’-s "-mol ') [53], ¥ is the molar
volume of solid pHy (23.16 cm>*mol ) [3], 4 is the path
length, vo is the peak frequency (5261.395(5) cmﬁl) [53],
N4 is the Avogadro constant, and Iy and / are the incident
and transmitted IR intensities used to calculate absorbance.
Therefore, 0 < Xjc, < 1 and should increase to near unity
upon annealing because the thermodynamically more sta-
ble crystal structure is hcp.

As described previously [35], we use the overlapping
01(0) + Sp(1) and Q1(1) + Sp(1) double transitions to monitor
X, This double transition is shown in Fig. 1 at ~4740 cm
This double transition is well isolated from the Si(1) peak
(also shown in Fig. 1) and the integral absorption coeffi-
cient for this transition is given by
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Table 1. Absorption coefficients and integration limits used in these studies

Property/species Assignment Intensity Vo, cm Limits, em’ Ref.

X, 01(0) + Sy(1) 3900(24) em'mol ' 4739.74 4727-4750 35

Xnep U,(0) 7.50(10)-10""7 em®s™! 5261.395 5258-5265 53

N,O 2vy 7.364 km'mol 2446.4 2443-2451 58

N,O vi+vs 10.034 km-mol ' 3346.0 3342-3352 58

trans-HNNO Vi 47.56 km-mol | 3273.17 3270-3276 59
J~ i = an FBX, X, ©) 4. Results and discussion

where based on the induction mechanism [55], a and b are
approximately in the ratio of 1:2.5. Note the fractional pH;
concentration, X, = Npara/(NorthoTNpara), is defined similar-
ly to X, with 0 <X, < 1. At low X,, values this peak is pre-
dominantly due to the 01(0) + So(1) double transition be-
cause the contribution to the integral coefficient by the
01(1) + Sp(1) transition decreases as the square of X,,.
Thus, at low X, values (X, < 0.03) the integrated intensity
of this peak is directly proportional to X,. Accordingly, we
use the following equation:

_ "o Iy(V) | -
X, = 2.303gjlog L— v, 7

(¥)

where ¢ has been determined previously [35] and is report-
ed in Table 1. At low X, values, this analysis assumes
the integrated absorption coefficient for this transition is
essentially constant, thereby simplifying the analysis. Final-
ly, the concentrations of various dopant species are deter-
mined using the following equation:

_ " Lo | 1o 1106
[X] = 2303 - j 1og{—N }dv (110%), (8)

where [X] is the concentration of species X in ppm and it is
assumed that the gas phase integral absorption coefficient
(e values) can be used without corrections for the condensed
phase environment. In this study, the 2v; overtone and
vi+v3 combination band of N>O are used to monitor the
concentration of N»O in the range between 10 to 100 ppm.
The trans- H>N'°N"®0 concentration is determined using
the integrated intensity of the vi NH stretch vibration and the
band intensities reported by Peterson at the UHF-CCSD(T)/
AVQZ level of theory in a private communication for the
trans-HNPN'®0 isotopomer [20]. To be consistent with
previous reports where we used the vy NN stretch vibration
to monitor the concentration [120], we scaled the calculated
vy intensity (240.2 km'mol ) by the measured ratio of
integrated intensities between vy and v, (0.1980). The spe-
cific values of the constants used in Egs. (5)—(8) are pre-
sented in Table 1 for both solid hydrogen properties and
dopant concentrations.
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4.1. Temperature dependence of o/p conversion

In some of the early ESR [8,9] work on nHj it was
found that k&, showed a temperature dependence that was
consistent with classical H-atom diffusion behavior at tem-
peratures above 4.75 K and quantum diffusion below 4 K.
At low temperature the k; rate constant was found to depend
linearly with temperature (k{(7) ~ 7° '98) which was inter-
preted as evidence of single-phonon assisted H-atom quan-
tum diffusion [8]. More recent ESR studies [12] on enriched
pH»> samples did not measure the temperature dependence
of k; directly, but rather indirectly based on ESR linewidth
and T relaxation time. These studies confirm the earlier
result that below 4.5 K the k&, value is temperature inde-
pendent or only slowly decreasing with temperature. This is
consistent with the idea that H-atom recombination is a quan-
tum diffusion limited process, and thus, the o/p conversion
kinetics is not expected to show a strong temperature de-
pendence.

We set out to measure the H-atom catalyzed o/p con-
version kinetics at 1.8 and 4.0 K. As described in the pro-
ceeding section, FTIR spectroscopy allows for a number of
crystal properties to be measured simultaneously during an
o/p conversion kinetic experiment. Kinetic traces of d, Xjcp,
and X, are shown in Fig. 2 for one of the first o/p conver-
sion experiments conducted on an as-deposited sample at
1.775(2) K. The reported temperature is the average value
and the reported error is the 1o standard deviation. The
circles are the data points extracted from individual spectra
and the lines are fits to the data. This sample had an initial
N>2O concentration of 47(1) ppm and was photolyzed at
212 mW-cm > for 1.5 min to initiate o/p conversion. The
time and duration of the photolysis exposure is indicated
by a grey line in Fig. 2. The data for d and X}, are least-
squares fit to the equation of a line (y = m¢ + b), and the
fitted parameters are indicated in the figure caption. Note
that, as expected, both d and Xj,, are essentially constant
over the approximately 675 min observation window. At
1.775(2) K, the pH» sublimation rate is negligible and thus
the crystal thickness is constant within error [566]. The smalll
increase in crystal thickness (m = 4.5(7)-10 ©~ cm'min )
over this duration likely results from changes in the inte-
gral absorption coefficient of the Q1(0) + Sp(0) double
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Fig. 2. (Color online) Kinetic traces illustrating the changes in d,
Xpep, and X, for an experiment conducted on an as-deposited
sample (Expt. 1) at 1.775(2) K. The circles are the data points and
the lines are fits to the data (see text for details). The sample is
photolyzed at 212 mW-cm ~ for 1.5 min to initiate the H-atom
catalyzed o/p conversion. The dashed line shows the predicted X,
time dependence based on the self-conversion rate constant
and the initial X,(0) value. The d and X}, data are fit to the equa-
tion of a line (y = mx + b) with m = 4.5(7)-1076 cmmin | and b =
=0.2079(2) em for d and m = 1.7(4)-10 " min ' and b = 0.581(2)
for Xjcp.

transition used to measure thickness. The integral absorp-
tion coefficient for this particular transition is proportional
to X 12, because [55] it involves two pH» molecules and thus
the coefficient increases by 0.82% over the measured X,

values. Note that the thickness is not corrected for these
small changes in the absorption coefficient. The Xj¢, value
of ~0.581(2) is typical of an as-deposited pH, sample
where the crystal is almost an equal mixture of fcc and hep
crystal morphologies [33]. It was previously demonstrated
that dopants can increase the fcc content by shifting the
energetic balance between these two very similar crystal
structures [57].

The change in X, initiated by the 1.5 min photolysis is
readily apparent. Before photolysis, the X, value is nearly
constant at 0.02907(3) which is comparable to the expected
value for a pHy crystal grown with the T, set to 30.0 K
(X, = 0.02947). At these relatively low X,, values the self-
conversion rate is very slow. The dashed line in Fig. 2 in-
dicates the predicted X, time dependence if only self-con-
version is occurring [3]. Clearly the rate of o/p conversion
is increased after photolysis relative to self-conversion.
Another important finding is the data are well described by
Eq. (4), and the fitted parameters are summarized in Table 2.
For this particular experiment there was a net change of
about 12% in X, over the 673 min observation time and
after 800 min the rate of o/p conversion is not much faster
than the self-conversion rate. This indicates the H-atom
concentration has likely decayed to near zero values over
the experimental timescale. A detailed discussion of the pa-
rameters extracted from the fits follows in Sec. 4.2.

To explore the temperature dependence of the H-atom
catalyzed o/p conversion, we conducted another experiment
under similar conditions (initial NpO concentration and
photolysis conditions were consistent), but changed the tem-
perature to 4.00(2) K. Shown in Fig. 3 are the kinetic traces
for the o/p conversion experiment conducted on a sample
with an initial NoO concentration of 51(1) ppm that under-
went 1.5 min of 216 mW-cm ~ photolysis. The sample is
initially deposited at ~2.5 K and then the temperature is
raised to 4 K prior to photolysis. As shown in Fig. 3, the
measured path length is almost constant but increases
slightly right after photolysis from an initial value of
d=0.2071(4) cm to around 0.2103(3) cm. These small

Table 2. List of experimental conditions and fitted parameters determined from least-squares fits of Eq. (4) to the X, data

Expt. 1 Expt. 2 Expt. 3 Expt. 4 Expt. 5 Expt. 6 Expt. 7 Expt. 8
T,K 1.775(2) 1.792(3) 4.00(2) 4.02(3) 4.04(3) 4.04(2) 4.04(3) 4.02(3)
d,cm 0.209(2) 0.227(2) 0.210(1) 0.223(2) 0.204(1) 0.239(2) 0.248(1) 0.244(1)
photo, min 1.5 3.0 1.5 6.0 6.0 6.0 6.0 6.0
[N2O]o, ppm 48.4 594 50.7 60.8 118.6 38.6 60.7 75.7
A[N,O], ppm 11.6 26.8 13.5 42.4 79.8 239 373 44.5
Tops K 30 30 30 30 30 25 25 20
kynp(0), 10 min”* 5.94) 11.6(3) 5.4(2) 32(2) 25.9(7) 24(5) 20(2) 40(20)
B, 10 6.1(2) 7.64(6) 11.0(1) 7.16(6) 11.54(6) 3.0(1) 6.0(1) 4.9(4)
X,(0), 10 2.913(4) 2.861(2) 2.886(3) 2.882(5) 2.814(4) 0.967(3) 0.949(2) 0.178(2)
[H]o, ppm 12.3(8) 24.1(6) 11.2(4) 67(4) 54(1) 50(10) 42(4) 83(42)
R 0.994878 0.999031 0.998931 0.997438 0.999314 0.962981 0.991985 0.821781
Xpep final 0.58(5) 0.60(2) 1.015(4) 1.012(4) 0.907(4) 1.034(4) 1.016(4) 0.985(3)
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Fig. 3. (Color online) Kinetic traces illustrating the changes in d,
Xpep, and X, for an experiment (Expt. 3) conducted on an an-
nealed sample at 4.00(2) K. The circles are the data points and the
lines are fits to the data (see text for details). The sample is
photolyzed at 216 mW-cm 2 for 1.5 min to initiate the o/p con-
version. The dashed line in the plot of X, shows the predicted X,
time dependence based on the self-conversion rate constant and
the initial X,(0) value. The X}, data are fit to Eq. (9) with the
parameters reported in Table 3.

changes in d likely reflect changes in the absorption coeffi-
cient for the Q1(0) + Sp(0) transition related to crystal struc-
ture. As described earlier, double transitions are to first-or-
der insensitive to crystal structure, which is why they are
used to measure thickness [33]. However, at higher levels
of scrutiny small changes are indeed observed [1,33]. Im-
mediately after deposition (first data point) this crystal had
an Xjpcp value of ~0.591 consistent with the previous sample
shown in Fig. 2. Then after raising the temperature to 4 K,
the Xjcp value exponentially increases to 0.906(7) at near

time zero. The X, data before photolysis is fit to a simple
exponential equation:

y=yo+A[l-exp (—k)], 9)

where yg is the quantity being fit at t = 0, 4 is the induced
change, and £ is the first-order rate constant governing the
process. The results of the fit of the X, data to Eq. (9)
before photolysis are shown as a black line in Fig. 3. We
also fit the Xj, data after photolysis to Eq. (9). After pho-
tolysis the X, value continued to increase to a maximum
value of 1.015(4) with a slower first-order rate constant.
The fitted parameters for fits of Eq. (9) to the X, data
after photolysis are collected in Table 3. The fact that the
hcp fraction slightly exceeds unity is most likely due to the
measurement of d that uses the integral absorption coeffi-
cient reported for an X, = 0.9997 sample. With this, the
1.015(4) value is representative of a fully annealed sample
at 4.0 K. Warming the sample to 4 K for the first time after
deposition invokes irreversible conversion of fcc to hep
crystal morphologies, as previously observed [33,49]. The
final X, value also provides an internal check that the
integral absorption coefficient used for the U;(0) transition
is consistent with the measured path length and molar vol-
ume used in this study (~1.5% error). We will return to the
interpretation of the different rates of X, conversion be-
fore and after photolysis in Sec. 4.4.

What is immediately apparent upon comparison of
Figs. 2 and 3 is that the experiment at 4.0 K was more ef-
fective at o/p conversion. As shown in Fig. 3, there is a 20%
decrease in X, over a time window of approximately
750 min. Comparison of the fitted parameters in Table 2
helps to explain this difference. The B-parameter for the ex-
periment at 4.0 K is about twice as large as reported for
the 1.8 K experiment. We interpret this as an indication
that the relative rate constants between catalysis (k..) and
H-atom recombination (k;) is greater at 4.0 K compared to
1.8 K. The fitted k,ny(0) values are nearly equivalent sug-
gesting that the initial H-atom concentrations in both ex-
periments are comparable, and that the &, value is insensi-
tive to temperature over this range. It is expected that
comparable concentrations of H-atoms are produced be-
cause similar No>O concentrations and photolysis condi-
tions are employed in both experiments. One obvious dif-
ference is that for the experiment at 4.0 K, the solid has a
nearly pure hcp crystal structure (Xjp = 1.015(4)), whereas
the experiment at 1.8 K was conducted on an as-deposited

Table 3. Fitted parameters determined from least-squares fits of Eq. (9) to the X}, data after photolysis

Expt. 3 Expt. 4 Expt. 5 Expt. 6 Expt. 7 Expt. 8
Yo 0.918(3) 0.933(3) 0.745(3) 1.000(3) 0.891(3) 0.840(2)
A 0.097(3) 0.079(3) 0.162(3) 0.034(3) 0.125(3) 0.145(2)
k, 10~ min”" 7.7(5) 12(1) 43(3) 8(2) 11.2(5) 7.0(3)
R 0.899416 0.855645 0.959428 0.50916 0.962517 0.96699
c 0.0077 0.012 0.014 0.015 0.0066 0.0093
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crystal with a mixed fcc/hcp crystal morphology. Greater
homogeneity in the sample at 4.0 K may increase k.. by
allowing the H-atoms to diffuse through greater portions of
the sample, or with an accelerated rate.

Experiments conducted at low temperatures (7 < 2.4 K)
afford the opportunity to perform simultaneous kinetic
measurements on H-atom catalyzed o/p conversion and the
H + N2O tunneling reaction. Shown in Fig. 4 is a compa-
rison of the growth of trans-H'>N'>N'80 (here after
HNNO) in the two experiments displayed in Figs. 2 and 3.
If an H-atom reacts with an NoO molecule, it ultimately
leads to the formation of frans-HNNO by the following
two-step mechanism:

H + N0 — cis-HNNO,
cis-HNNO — trans-HNNO.

(10)
(In

In the experiment performed at 4.00(2) K, minimal pro-
duction of trans-HNNO is observed (<0.05 ppm), while in
the experiment performed at 1.775(2) K, at least ~1.2 ppm
of trans-HNNO is produced. We have previously reported
this strange temperature dependence to the H + N»O reac-
tion, which only readily occurs below 2.4 K, in highly en-
riched pHj samples [20]. It appears that the same tempera-
ture dependence to the H + N»O reaction is operative in
samples with elevated oHy concentrations. With the FTIR
setup employed in these studies, we cannot monitor the
kinetics of the cis-HNNO species because the only absorp-
tion for this species above 1800 c¢cm  (NH stretch,
3270.4 Cmfl, 2.9 km molfl) is too weak to detect under

1.5

N
o

o
o

concentration, ppm

0.0

time, min
Fig. 4. (Color online) Kinetics traces showing the growth of

trans-HNNO (43) for the two different experiments depicted in
Figs. 2 and 3. The blue circles are for the experiment at 1.775(2)
K and the brown circles are for the experiment at 4.00(2) K. This
shows that H-atoms can decay via reactions with N>O at 1.8 K,
but not at 4.0 K. The green and red lines are the predicted kinetics
for A and A, respectively, based on least-squares fits of the
trans-HNNO data to Eq. (14) for the data at 1.775(2) K. See text
for details.

these conditions. As discussed previously [20], we can fit
the trans-HNNO data to analytical expressions developed
for first-order consecutive reactions involving one inter-
mediate and two-steps:

A1 — A,

Ar — Aj.

(12)
(13)

The assumption here is that we can model the measured
reaction kinetics (Egs. (10) and (11)) with this simple ki-
netic model. Support for the proposed reaction mechanism
is found upon fitting the trans-HNNO data to the following
kinetic equation:

[A31=[A1]{1—e"12f— & (e"lz’—e"‘%} (14)

(k13 —ki2)

where A> and 43 are associated with cis-HNNO and trans-
HNNO, respectively, and the kinetics involve two first-
order rate constants k12 and k13. Note that we originally
[20] associated 47 with H-atoms based on the expected
pseudo first-order rate expression for Eq. (10), where k{, =
= k10 [N20]. Thus, in this analysis we associate k1» with
the pseudo first-order rate constant (k{, ). The results from
the fit of Eq. (14) to the trans-HNNO data are shown as a
blue line in Fig. 4. As can be seen in Fig. 4, Eq. (14) does a
very good job at fitting the data. Based on these fitted pa-
rameters, the predicted time dependence of cis-HNNO and
H-atoms are also included in Fig. 4 as red and green lines,
respectively, for the reaction at 1.775(2) K. Note the pre-
dicted first-order decay in the H-atom concentration de-
duced from the frans-HNNO reaction kinetics conflicts
directly with the second-order H-atom decay process pre-
dicted by the measured H-atom catalyzed o/p kinetics. This
suggests that 41 is not the H-atom in the proposed mecha-
nism but rather some other species that forms immediately
after photolysis and decays with a first-order rate constant
as shown by the green line in Fig. 4. We will return to this
important finding in Sec. 4.5.

4.2. Ortho-to-para conversion depends on various
experimental conditions

We wanted to explore the H-atom catalyzed o/p conver-
sion kinetics under a variety of experimental conditions.
Figure 5 contains a plot of the X, traces from five different
experiments that all started with initial X,, values around
0.0295. First, let us test whether the H-atom concentration
can be extracted from the fits to these X, kinetic traces. To
examine if the initial H-atom concentration (after photoly-
sis) can be extracted from the fitted k,ny(0) parameter let
us compare curves (a) and (c) in Fig. 5. These are the two
low-temperature kinetic experiments that differ by the
length of the photolysis irradiation but have comparable
laser powers and initial NpO concentrations. Just from
looking at Fig. 5, it is apparent that these two data sets
have basically the same shape but experiment (c) is about

796 Low Temperature Physics/Fizika Nizkikh Temperatur, 2019, v. 45, No. 6



Hydrogen atom catalyzed ortho-to-para conversion in solid molecular hydrogen

2.6

oGS

24

X,/ 1x10”

2.2

20

18 F——————

time, min

Fig. 5. (Color online) Kinetic traces of X, for all the different
experiments with Xy(0) = 0.0295. The data are represented by
circles and least squares fits to Eq. (4) are indicated by lines. Note
the varying shapes of the curves represent different kny(0) and
B parameters. The labels designate the different experiments: (a)
Expt. 1, (b) Expt. 3, (c) Expt. 2, (d) Expt. 4, and (e) Expt. 5. See
text for details.

twice as deep as (a). From examination of Table 2 these
observations are confirmed. The most significant differ-
ence between these two data sets is that the kny(0) para-
meter has increased by a factor of 1.97(20) for the experi-
ment involving a 3.0 min laser exposure versus 1.5 min
exposure. The B-parameter only varied by ~25% and thus
does not change appreciably between the two experiments.

We can now examine the observed trends more quanti-
tatively by measuring correlations between the amount of
N2O photolyzed and the kiny(0) values determined from
fits to Eq. (4). Basically, the idea is that the amount of N2O
photolyzed, A[N20O] = [N2O]pefore — [N2O]after, Should be
highly correlated with the number of H-atoms produced
initially. We can measure A[N2O] using the 2v; and vi+v3
combination bands of N2O (see Table 2) and Eq. (8). The
initial H-atom concentration after photolysis, ny(0), is deter-
mined from the fitted kyny(0) parameter divided by the li-
terature [12] value for k. A correlation plot of all the data
measured in this study is presented in Fig. 6 where we
compare A[N2O] with the measured ny(0) value deter-
mined from the least-squares fits to the o/p conversion data.
One can see that at small photolysis exposures (low H-atom
concentrations) the correlation between the two values is
nearly 1:1, as discussed above. For greater photolysis times
the correlation shifts to greater amounts of H-atoms being
produced. This can be accounted for when one considers
the stoichiometry of the O-atoms and H-atoms produced.
For instance, following Eq. (1) after the O-atom is ejected
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it can react with the pH> host via the following two-step
abstraction mechanism:

O+Hy — OH+H, (15)
OH + Hy — H0 + H, (16)

and thus, every O-atom can produce up to two H-atoms.
Alternatively, the O-atom can directly insert into the Hp
molecule and produce no H-atoms. We measure produc-
tion of both ortho-H,O and para-H2O during photolysis
which indicates that the ejected O-atom reacts with the pH»
host. We lack the required time resolution to measure
the details of the photoconversion mechanism and have not
detected the OH intermediate. Included in Fig. 6 are two
limiting cases for 1:1 and 1:2 stoichiometries between the
O-atoms and H-atoms plotted as solid lines. All the data
falls within these two limiting cases except for the one data
point at the A[N2O] = 80 ppm value. This was the most
extensive photolysis experiment conducted that started
with a N2O concentration of 119(1) ppm and used a
267(2) mW.-cm ™2 laser flux and 6 min photolysis. The level
of correlation displayed in Fig. 6 demonstrates that the
parameter kyny(0) can be used as a measure of ny(0). The
rate constant for recombination has been measured previ-
ously [12] using ESR spectroscopy and has been shown to
vary considerably with X,. However, in the range between
Xo = 0.01 to 0.1 the value of k, changes from 1.9-10_20 to
3220 em®mintmol™ and thus is relatively constant

100 LN B B AL B | /I 71 r 1 r 1 r r7T
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< 4 i
20
0 ] T T LN BN L B BN B B B BRI B ]

0 20 40 60 80 100
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Fig. 6. Correlation plot of A [N,O] versus ny(0) determined from
the fit to the H-atom catalyzed o/p conversion kinetics (both in
ppm). Circles are used for high temperature (4.0 K) experiments
and triangles for low temperature data (1.8 K). The open circles
represent data taken for samples with X,(0) = 0.0295 values and
the closed circles are the three experiments conducted at lower
Xo(0) values. The error bars represent the errors in the k,ny(0)
parameter from the least-squares fits. The two lines represent the
1:1 and 1:2 stoichiometries (see text for details) between O-atoms
and H-atoms.

797



AL Strom, K.L. Fillmore, and D. T. Anderson

over this range (errors implied by number of significant
digits). The correlation plot in Fig. 6 therefore provides
indirect confirmation that this k. value is appropriate for
our experimental conditions because realistic H-atom con-
centrations are obtained. This is an important finding be-
cause it suggests that by measuring the H-atom catalyzed
o/p conversion kinetics we have an indirect measure of the
initial H-atom concentration. As we will discuss in Sec. 4.5,
extracting the initial H-atom concentration from H-atom
reaction studies is problematic and can lead to erroneous
values.

4.3. Measuring o/p conversion for different X, values

We were also interested in examining the o/p conversion
kinetics at different initial X, values. The H-atom recom-
bination rate constant k- has been measured to decrease by
a factor of 3.4 when going from pH; solids having X, =
=0.01 to 0.001, resulting in k, = 5510 2! ecm’ min mol .
Thus, we were interested in whether we could measure
a significant change in the B-parameter at lower X,(0) values.
The kinetic traces of X, are shown in Fig. 7 for three repre-
sentative crystals with different X,(0) values. The top trace
in Fig. 7 is for a pHy solid with X,(0) = 0.02847(3), the
middle trace has X,(0) = 0.00939(2), and the bottom trace
has X,(0) = 0.00166(2). Note that the general shape of the
X, curves is basically the same except for possibly the bot-
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Fig. 7. (Color online) Kinetic traces of X, for three experiments
with different X,,(0) values. The data are represented by circles
and least squares fits to Eq. (4) are indicated by lines. The three
experiments are: (a) T, = 30 K (Expt. 4), (b) T, = 25 K
(Expt. 7), and (c) T,), = =20 K (Expt. 8). Note the general shape
of the curves remains similar.
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tom trace. This shows that the B-parameter is not changing
appreciably between the top and middle traces. Indeed,
the biggest difference is just that the magnitude of H-atom
catalyzed o/p conversion scales with X,,(0) as expected (see
Eq. (2)). The S/N is degraded at the low X,(0) values be-
cause the integrated absorbance of the Q1(0) + So(1) dou-
ble transition scales with X, and is weakest at the low X,
values (see Eq. (7)). However, close examination of the
bottom trace shows that the X, value appears to increase
right after photolysis. This may be a real effect in that dur-
ing photolysis some of the H-atoms may recombine to
form oH;. At the higher X, values this photo-induced
change is negligible, but as the oH, content decreases it
may be possible to initially measure an increase in X,,.

The fact that we do not observe a significant increase in
the B-parameter for the pH, solid with lowest X,,(0) value
may indicate that in addition to changes in & with X,(0),
the k. rate constant also changes with oHy concentration.
In all the measured H-atom catalyzed o/p kinetics the B-pa-
rameter is always significantly less than 0.5 where the two
rate constants are equal (ko = k;); note that the factor of
two is considered explicitly by the functional form of Eq. (4).
Thus, the rate constant for H-atom catalyzed conversion is
significantly smaller than the rate constant for H-atom re-
combination under these conditions. Both processes are
directly linked to the H-atom diffusion constant and thus
these differences are meaningful. This too has been ob-
served before and interpreted as evidence that the H-atom
does not diffuse isotropically throughout the crystal [10]. It
has been speculated that the H-atom diffuses preferably by
exchanges with pHy molecules and therefore avoids oH,
molecules present in the solid [10,11]. The significant de-
crease in k, for highly enriched pH; solids has been inter-
preted as evidence that H-atoms do not recombine at low oH»
concentrations, not because the diffusion coefficient is get-
ting smaller, but because the H atoms avoid each other [12].
Thus, at very low X, values both &, and k.. may decrease
making it difficult to detect a change in the -parameter.
It would be interesting to perform additional experiments
at low X, values to see if the o/p conversion kinetics ever
changes substantially.

4.4. Evidence for post-photolysis induced fcc to hcp
conversion

Another observation made during these studies was re-
lated to changes in Xj¢, both before and after photolysis.
As shown in Fig. 2, as-deposited pH, samples do not show
systematic changes in Xjc, over the whole duration of the
experiment while the sample is kept at 1.775(4) K. Indeed
this has been observed before qualitatively and discussed
in terms of the rapid vapor deposition process [33,49]. In
contrast, if the sample is annealed at 7 = 4.0 K prior to
photolysis we observe a first-order kinetic process whereby
Xhep increases exponentially to some maximum value. This
is shown in Fig. 3, but a clear distinction between the an-
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nealing process before and after photolysis is hard to see in
this experiment. The experiment depicted in Fig. 3 utilized
only a 1.5 min photolysis exposure and based on the o/p
conversion fits to Eq. (4), we estimate that only
11.2(4) ppm of H-atoms are produced. However, when we
fit the Xj¢p data to Eq. (9), we measured two different rate
constants for the rise in Xj¢p, both before and after photoly-
sis (see Fig. 3). This difference could have been made
clearer if more repeated spectra were collected prior to
photolysis.

As the study progressed we changed the procedure to
better characterize the sample prior to photolysis by taking
more repeated scans. Shown in Fig. 8 are two different
solids that were both annealed at 4.0 K prior to photolysis.
The sample in plot (a) was grown with a X,(0) value of
0.00166(2) and a N>O concentration of 76(2) ppm. Now,
the different annealing kinetics is clearly distinguished.
Prior to photolysis we took 15 repeated scans while the
sample was annealed at 4.0 K. We fit that data to Eq. (9) to
determine a rate constant for the process. The first data
point recorded for the as-deposited sample at low tempera-
ture is not included in the fit, but rather only data recorded
after the sample temperature is raised to 4.0 K. Note that,
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Fig. &. (Color online) Kinetic data of X}, for two different exper-
iments with separate least-squares fit to the data before and after
photolysis. The circles represent the data and the lines are the
results of least squares fits of the data to Eq. (9). All data were
recorded at 4.0 K except for the first data point. Expt. 8 is shown
in (a) with X,(0) = 0.00178(2) and [N,O]y = 76(1) ppm and
Expt. 5 is shown in (b) with X,(0) = 0.02814(4) and [N;O]y =
=119(1) ppm. Note that both samples display additional increases
in X, after photolysis.
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in this case, Xj¢p reaches a maximum value of 0.827(3)
prior to photolysis with a rate constant of 4.6(3)-10 ~ min
or time constant of 22(1) min. Then after photolysis,
the Xpcp, value starts3t0 grow again with a slower rate con-
stant (k= 7.0(3)-10 ~ min ) to a maximum of 0.985(3). It
is rationalized that the Xj, value only reaches 0.827(3)
prior to photolysis because of the presence of impurities
(oH, and N>O) that serve to impede the fcc to hep conver-
sion process. However, after photolysis continued anneal-
ing at 40K is shown to increase the Xj, value from
0.827(3) to 0.985(3). This annealing process triggered by
photolysis occurs with a slower rate constant but achieves
a higher Xj., value than prior to photolysis. That is,
changes produced during photolysis allow the fcc to hep
annealing process to proceed to a greater extent than prior
to photolysis. The nature of the induced changes are un-
clear but could involve conversion of N;O into N, and
H,0O and/or the production of H atoms and vacancies that
permit further fcc to hep conversion. We point out that
while we do observe a small increase in the sample tem-
perature during photolysis (approximately +0.052 K for (b)
in Fig. 8), the change in Xj¢, continues to happen long
after the laser is stopped and thus the changes observed are
not likely caused by laser heating during irradiation.

The specific changes in X, are different for each ex-
periment, but the same general trend is observed. For ex-
ample, the sample in plot (b) of Figure 8 was grown with
an initial X,(0) value of 0.02859(2) and N>O concentration
of 119(2) ppm. In this case, Xjpcp reaches a limiting value
of 0.741(3) prior to photolysis and increases to 0.909(4)
after photolysis. This sample has both a greater X, value
and N>O concentration than the sample in plot (a) and,
thus, never fully anneals even after photolysis. However,
both samples anneal further only after photolysis. This
shows that the photolysis process somehow enables further
fcc to hep conversion than was possible pre-photolysis.
This could result from photodissociation of N>O into N»
and HyO products which allow for greater conversion.
However, the fact that it occurs with a slower rate constant
after photolysis could also indicate that H-atoms are play-
ing some role. Perhaps the H-atom catalyzed o/p conver-
sion also facilitates greater fcc to hcp conversion, as the
relaxation of an Hy molecule from ortho to para spin states
involves the emission of a roton with energy 170.5 K [3],
which ought to be more than sufficient to induce local
structural changes.

4.5 Comparison to earlier work

We previously studied H-atom catalyzed o/p conversion
at comparable X,(0)= 0.03 values using the IR-induced
Cl+ Hy — HCI + H reaction (see Fig. 9 in Ref. 35). In
these previous studies, the H-atoms are generated at much
slower rates (0.0154 minﬁl) by the IR-induced reaction in
comparison to the present study using UV photolysis of
N0 (0.17 min~ ) Accordingly, in the previous studies we
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simply fit the X, decay kinetics using a single-exponential
function (first-order decay). In the course of the present
study, we tried to refit the IR-induced Cl + H; data using
Eq. (4) and found that the residuals from the fits contained
systematic deviations indicating that Eq. (4) was not ap-
propriate under these previous experimental conditions.
This provides further evidence that one of the requirements
of applying Eq. (4) to interpret the H-atom catalyzed o/p
conversion data is that the H-atoms are generated quickly
to give a precise start time to the measured kinetics. Con-
versely, if the data in the present study are fit to a single-ex-
ponential decay function, the residuals also show large sys-
tematic deviations. This again supports the idea that Eq. (4),
developed by Shevtsov and co-workers [10], is consistent
with the measured H-atom catalyzed o/p kinetics and that
the fitted parameters correspond to physical properties of
the competing time dependent processes of H-atom cata-
lyzed o/p conversion and H-atom decay.

The correlation plot shown in Fig. 6 is constructed us-
ing the previous measurements of k.. The &, rate constant
for H-atom recombination has been measured in several
studies [6—14] under varying conditions and shows a non-
monotonic dependence on X,. We constructed Figure 6
using the &, value measured at X, = 0.01 and reported by
Kumada et al. [12]. This shows that the initial H-atom con-
centrations, ny(0), calculated by dividing the fitted k,ny(0)
parameters by the literature value of &, are consistent with
the magnitude of the N,O concentration decrease produced
upon photolysis. This correlation between the H-atom cata-
lyzed o/p kinetics and IR spectroscopy therefore supports
the assertion that Eq. (4) reproduces the data satisfactorily
and the fitted parameters correspond to physical properties,
such as ny(0). Since both 7= 1.8 and 4.0 K data are in-
cluded in Fig. 6, this also suggests that &, is not strongly
dependent on temperature over this range for these X, values,
supporting previous claims [10]. Clearly, a direct measu-
rement of ny(0) based on ESR spectroscopy is a more
quantitative determination of the H-atom concentration.
However, the correlation data presented here in Fig. 6 sup-
ports our claim that we can estimate the ny(0) values
achieved under our conditions. For example, it shows that
H-atom concentrations on the order of ~100 ppm are pos-
sible using in situ NyO photolysis.

Furthermore, the fact that the H-atom catalyzed o/p
conversion data are well reproduced by Eq. (4) supports
the idea that the H-atom decay is dominated by H-atom
recombination. In the derivation of Eq. (4) it is assumed
that the H-atoms decay by second-order H-atom recombi-
nation (e.g., Eq. (3)). Thus, we can plot the H-atom decay
as a function of time that is consistent with the measured
o/p conversion kinetics for any specific experiment. Shown
in Fig. 9 is the predicted H-atom time dependence for the
first experiment conducted at 1.775(2) K on an as-deposit-
ed sample with an initial N»O concentration of 48(1) ppm.
Under these conditions, we estimate the production of

800

12.3(8) ppm of H-atoms from the fitted &;n(0) parameter.
However, as also shown in Fig. 4, based on the kinetic fits
to the production of trans-HNNO, only 1.57(3) ppm of
H-atoms react with N,O under these conditions. Based on
fitting the trans-HNNO growth kinetics, we show in Fig. 9
the decay of the H-atoms that is consistent with the measu-
red H-atom reaction kinetics; first-order decay from an ini-
tial value of 1.57(3) ppm. The significant discrepancy be-
tween the two predicted H-atom decay curves (magnitude
and shape) illustrated in Fig. 9 underscores the conflict be-
tween the interpretation of the H-atom catalyzed o/p kinetics
and the kinetics of the H + NO reaction. If the H-atom de-
cay is dominated by H-atom recombination, then the se-
cond-order decay in the H-atom concentration with time
should be reflected in the H + N3O reaction kinetics, and
it is not. If instead the H-atom decay is dominated by the
H + N;O reaction, then why do so few H-atoms react with
N2O to form trans-HNNO? One possibility is that the rate
determining step for the H + N,O reaction does not involve
diffusion of the reagents (H + N»O), while diffusion is the
rate determining step in the H-atom recombination reac-
tion. Even more intriguing, these two conflicting kinetic
measurements are performed on the same sample ruling
out the possibility of different experimental conditions.
This same discrepancy was originally identified in the
study of the H + NO — HNO reaction by Fushitani and
Momose [19]. If they assumed that the H + NO reaction
was diffusion limited then the ky_No rate constant that they
measured should equate with the k; rate constant determined

15 L | T T T T l l T T T T T 1 T T l
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Fig. 9. Plots of the predicted H-atom decay kinetics for the exper-
iment depicted in Fig. 2 based on the fits to (a) H-atom catalyzed
o/p conversion kinetics and (b) trans-HNNO growth kinetics.
Based on this study we believe the H-atom decay kinetics deter-
mined from the (a) H-atom catalyzed o/p conversion kinetics is
the correct depiction of the time dependent H-atom concentration
and that trace (b) represents the decay of some other chemical
species. See text for details.
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from H-atom recombination studies, properly taking into
account the stoichiometric coefficient of two in the recom-
bination reaction. However, they measure a ky_no value
0f 6.22:10" cm’-min” which is two-orders of magnitude
larger than the 5510 2" cm min ! value of ke atX, =
=0.001 determined from ESR studies. They reasoned that
part of the discrepancy may be due to differences in crystal
quality (X,, defects) in the two distinct experimental studies.
They also pointed out that the intermolecular interaction
energy between an H-atom and NO is approximately
200 times stronger than between two H-atoms and that this
could affect the H-atom diffusion rate. Subsequent work
from our laboratory has shown that the assumption that the
H + NO rate constant reflects in some way the H-atom
diffusion rate is not supported by experiment [23]. The rate
constant measured for the H + NO reaction does not de-
pend on the NO concentration as it must to be able to ex-
tract the diffusion limited rate constant from the pseudo
first-order growth of HNO in the conventional manner.

The measurements of H-atom catalyzed o/p conversion
kinetics presented in this study show that even in chemical-
ly doped pH; solids the dominant decay mechanism of the
H-atoms is recombination. Fits of the o/p conversion data
to Eq. (4) give reasonable ny(0) values and this equation is
very capable of modeling the measured o/p conversion
kinetics under various starting conditions. These measure-
ments clearly indicate that the proposed mechanism for
the H + N7O reaction is incomplete and not consistent with
the H-atom catalyzed o/p conversion kinetics. The rate
determining step is not diffusion of the H-atom to an adja-
cent lattice site of the NO reactant as indicated by Eq. (7),
but rather the measured reaction kinetics do not reflect the
H-atom diffusion rate. This surprising result that a solid-
state reaction is not diffusion limited has previously been
hinted at in the case of the H + NO reaction, but it is only
clear now that we have an independent (albeit indirect)
measurement of the H-atom concentration. The magnitude
and shape of the H-atom decay curve does not match the
assumed H-atom decay curve from the H + N,O reaction
kinetics. The ramifications of this finding are two-fold:
(1) a new mechanism for the H + N,O reaction needs to be
developed that is consistent with the measured H-atom
concentration profiles measured indirectly from the o/p con-
version kinetic data and (2) H-atom diffusion is likely more
facile than previously thought based on the H-atom recom-
bination studies. Specifically for this study, the H + N,O
reaction is not diffusion limited in the normal sense and the
H-atom is not species A7 in the proposed two-step mecha-
nism. However, it remains to be seen if this is only true for
the H + N,O reaction, or applicable in a broader sense.
Further, for reaction studies in highly enriched pH, sam-
ples, the basic reaction mechanisms may change again be-
cause it is known that the H-atom recombination rate con-
stant depends strongly on X,
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5. Summary

We have measured the H-atom catalyzed o/p conver-
sion of eight different NoO doped pH, samples that de-
monstrate fits to the o/p conversion kinetics can be used to
extract information about the rate of H-atom recombination
and the rate of catalyzed o/p conversion. Specifically, we
show that all data sets can be fit to an analytical expression
involving only three physical parameters. Most important-
ly, we have shown that one of these parameters, namely
the k,n(0) parameter, can be used to estimate the concen-
tration of H-atoms produced right after photolysis. More-
over, that the high quality of the fits to the data suggests
that the majority of H-atoms decay through the second-order
process of H-atom recombination. Our results are also con-
sistent with the earlier ESR measurements in that we do not
observe a strong temperature dependence to the H-atom
recombination rate constant over this range [10,11] and
the amount of H-atom catalyzed o/p conversion is signifi-
cantly less than expected if the H-atoms are to randomly
diffuse throughout the solid hydrogen lattice [11].

The observation that the H-atom catalyzed o/p conver-
sion is consistent with second-order decay in the H-atom
concentration helps constrain the interpretation of the reac-
tion kinetics of the H + N»O reaction that we previously
reported [20]. Basically, the discrepancy in the H-atom
decay curve that these studies predict based on either the
o/p conversion or reaction kinetics allows us to see that we
have been incorrectly interpreting the H + N>O reaction
kinetics. This has been suggested previously because in
some cases the data show that the measured reaction rate
constant does not scale linearly with the concentration of
the chemical reactant as it must to be diffusion-limited in
the normal sense [23,24]. Therefore, we feel the present
studies that permitted the o/p conversion and reaction ki-
netics to be measured simultaneously were a significant
breakthrough in the interpretation of the H + N,O reaction
kinetics. The challenge now is to come up with a different
mechanism that explains the H + N,O reaction kinetics. It
also would be interesting to reproduce these H-atom cata-
lyzed o/p conversion experiments with other closed-shell
precursor molecules such as CH30H.
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OpTo-napa KoHBepCisl y TBEPAOMY MOJIEKYIIAPHOMY
BOAHI, sIKka KaTanisoBaHa atoMamMu BOAHIO

A.l. Strom, K.L. Fillmore, D.T. Anderson

IY criekTpockorisi BAKOPHCTOBYETBCS ISl AOCHIKEHHS TPO-
necy opro-mapa (0/I1) KoHBepcii B 3pa3kax TBEpAOrO MOJEKYIIIp-
HOTO BOJHIO, sIKi AomoBaHi Manumu KoHueHTpauismu (10-50 ppm)
aromiB BoxHio (H-aTomiB) B sxocti momimku. H-atomn renepy-
IOTBCSl 3 BUKOPHUCTAHHAM (oTOMi3y in situ 193 HM HOMIIIKOBHX
mozekyn NoO. Iyt KpucTaiB BOAHIO 3 BIJHOCHO HU3BKHMH IIO-
yatkoBumu fossimu opto-Hy (X, < 0,03) kinetnka koHBepcii o/m
npu temneparypax 1,8 Ta 4,0 K Binnosinae KiHeTHYHUM piBHSH-
HSIM, OTPUMAaHUM paHillle ISl KaTalli30BaHOT aTOMaMH BOJHIO 0/T1
KkoHBepcii. Bumipsina kiHeTHKa 0/I KOHBepCii, ska KaTayli3oBaHa
H-aromamu, nokasye, mo H-aToMu B IMX yMOBax pyxJIMBI Bifmno-
BizHO 110 monepennix BumipiB ECP. Ilpumyckaerscs, mo H-aromu
JMGYHIYIOTh 32 JOIIOMOTOI0 MEXaHi3My KBAHTOBOI'O TYHENIOBAH-
HS, SIKHH OMHCYEThCS SIK XiMiuHa mudysis. [leTanapHa MiArOHKA
BUMIPSHUX KiHETHMYHHMX HaHMX ILOAO O/I KOHBepcil No3BoJstE
BU3HAYUTH ITOYATKOBY KOHIEHTparito H-aTroMiB micis ¢oromiy,
BUXOZSYH 3 JIITEPATypPHUX 3HAYEHb KOHCTAHTHU IIBHUAKOCTI PEKOM-
6inanii H-aromis (H + H — Hj;). Bumipsina kinetuxa o/ mepe-
TBOPEHHs IIOKa3ye, LI0 CIIOCTEPEKEHa O/I KOHBepcis Habarato
MEHIIe, HiXK OYiKyBaIOCS BUXOISYN 3 paHillle BUMIPSHOI KOHCTaH-
TH IIBUAKOCTI pekomOinauii H-aromiB. Takum uuHOM, CItii npu-
mycTuty, o H-atomu He audyHIyIOTh BHIIAAKOBHUM YHHOM Kpi3b
KPHCTall, a MEePeMIIyIOThCs, CKOpillle, MepeBaKHO B obnacti 3
BHCOKHM BMicTOM Hapa-BoaHto. OrnineHi koHneHTpanii H-aTomis
B LIbOMY JOCHI/KCHHI y3TO/KYIOTHCS 3 HOINEPEAHIMU BHMIpIO-
BanHsmu ECP, ane cymepedaTh KiHETHYHHUM JOCHIKCHHIM
peakuiii H-aToMmiB 3 pisaumu ngomimrkamu, Takumu sik NoO.

KitrouoBi ciioBa: TBepiuii BOJICHb, KBAHTOBE TBEPJE TiJIO, OPTO-
napa KOHBEpCisi, KBAHTOBa AU(Y3isi, KOHBEPCis SACPHHUX CIHHIB,
KBaHTOBO-MEXaHI4HE TYHETIOBAHHSI.
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OpTo-napa koHBepcHsi B TBEPAOM MOIEKYIISPHOM
BOZOpOJe, KaTanu3npoBaHHas aToMaMu Bogopoaa

A.l. Strom, K.L. Fillmore, D.T. Anderson

MK crekTpocKomusi UCIONB3YeTCs Ul HCCIEAOBAaHMS IIPO-
1ecca opTo-mapa (0/11) KOHBEpCUH B 00pa3Iax TBEPAOTO MOJICKY-
JISIPHOTO BOJAOPOJA, AONHUPOBAHHBIX MANBIMH KOHIIEHTPALHAMH
(10-50 ppm) aTomoB Bomoposa (H-aToM0B) B kauecTBe IPUMECH.
H-aTtoMbl TeHepHpyIOTCS ¢ HUCIOJIB30BaHUEM (GOTONM3a in Situ
193 M npumecHsix Mosexysn N,O. Jlnsg kpucramuioB Bogopona
C OTHOCHTENBHO HU3KMMH HadaJabHBIMU J1oJsimu opTo-Hj (X, < 0,3)
KHHETHKa KOHBepcHu o/m mpu Temneparypax 1,8 n 4,0 K coor-
BETCTBYET KMHETHUECKUM YPaBHEHMSM, MOIYyYEHHBIM paHee IUis
KaTaJIU3UpyeMOil aToMaMH BOAOpoAa o/l KoHBepcuu. M3mepen-
Hasi KWHETHKA O/I1 KOHBEPCUHM, KaTanusupyemas H-atomamu, mo-
Ka3pIBaeT, 4To H-aTOMBI B 3THX yCJIOBUSIX HMOABIKHBI B COOTBET-
cTBuM ¢ mpensiaymmmu u3mepenusmu OCP. Ilpeamomnaraercs,
yro H-atombl andyHIMPYIOT C HMOMOINBIO MEXaHH3Ma KBaH-
TOBOTO TYHHEJIUPOBAHUS, KOTOPBIN OIHMCBIBAETCS KaK XHUMHUUeE-
ckasg qu¢p¢ysus. JleranbHas MOATOHKA W3MEPEHHBIX KHHETHUe-
CKMX JIaHHBIX O/l KOHBEPCHH I03BOJIET H3BJICYb HAYAIBHYIO
KoHIeHTpanuio H-aroMoB mocie doronmsa, HCXoas U3 iuTepa-
TYpPHBIX 3HaYEHUIH KOHCTaHTBHI CKOpOCTU pekomOuHanuu H-ato-
moB (H + H — Hj). 3Mepennas knHeTHka o/I1 KOHBEPCHH MOKa-
3bIBAET, YTO HAOJII0AaEMOE O/I MPEBPALICHHE HAMHOTO MEHBIIE,
4eM OXXHIAIOCh UCXOMAS W3 paHee W3MEPEHHOH KOHCTAHTHI CKO-
poctu pexomOuHanuu H-atomoB. Takum o6paszoM, ciemyeT mpea-
TIOJIOXKUTH, 4T0 H-aToMbl He 1 GyHINPYIOT CilydaliHEIM 00pa3oM
CKBO3b KPHCTAJLI, a MEePEMEIAloTCsl, CKOpee, MPEHMYIIECTBEHHO
B 00JIaCTH C BBICOKHUM COJEpKaHHEM Iapa-Bojgopona. OueHeH-
Hble KOHLEHTpanuu H-aToMOB B HacTOAIIEM HCCIEJOBAaHUH CO-
TIacyloTes ¢ npeasiaymumMu usmepenusimu OCP, Ho npoTuBope-
yaT KMHETMYECKUM HcCcliefioBaHusAM peakuuil H-aromoB ¢ pas-
JMYHBIMH TIPEMECSMH, TaKUMH Kak N, O.

KuntodeBsle cioBa: TBEpABIN BOAOPOJ, KBAHTOBOE TBEPJOE TEINO,
opTo-nIapa KOHBepcus, KBaHTOBas MU(Y3uUs, KOHBEpCUs saep-
HBIX CIIMHOB, KBAHTOBO-MEXaHHYECKOE TYHHEINPOBAHHE.
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