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We report infrared spectroscopic studies of H2 ortho-para (o/p) conversion in solid hydrogen doped with Cl-
atoms at 2 K while the Cl + H2(v = 1) → HCl + H infrared-induced chemical reaction is occurring. The Cl-atom 
doped hydrogen crystals are synthesized using 355 nm in situ photodissociation of Cl2 precursor molecules. For 
hydrogen solids with high ortho-H2 fractional concentrations (Xo = 0.55), the o/p conversion kinetics is 
dominated by Cl-atom catalyzed conversion with a catalyzed conversion rate constant Kcc = 1.16(11) min–1 and 
the process is rate-limited by ortho-H2 quantum diffusion. For hydrogen crystals with low ortho-H2 
concentrations (Xo = 0.03), single-exponential decay of the ortho-H2 concentration with time is observed which 
is attributed to H-atom catalyzed o/p conversion by the H-atoms produced during the infrared-induced Cl + H2 
reaction. The measured H-atom catalyzed o/p conversion kinetics indicates the H-atoms are mobile under these 
conditions in agreement with previous ESR measurements. 

PACS: 66.30.Ma Diffusion in quantum solids (supersolidity); 
67.80.F– Solids of hydrogen and isotopes; 
67.80.dj Defects, impurities, and diffusion. 

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

 
1. Introduction 

The study of chemical reactions carried out in solid 
hydrogen crystals at liquid helium temperatures allow for a 
variety of low-temperature quantum phenomena to be ex-
plored under very controlled conditions [1,2]. Our group 
has been studying the details of the infrared-induced che-
mical reaction, Cl(2P3/2) + H2(v = 1) → HCl + H, in highly 
enriched (99.99%) parahydrogen (pH2) crystals at tempera-
tures around 2 K [2–5]. This prototypical hydrogen ab-
straction reaction proceeds at these low temperatures via 
vibrational excitation of the H2 reagent since the reaction 
of Cl with H2(v = 0) has a ~1900 cm–1 barrier and is 
+ 360 cm–1 endothermic [6–8]. To better understand the 
photochemical mechanism by which infrared (IR) light 
creates H2(v = 1) and triggers the Cl + H2 reaction, we 
studied the IR-induced reaction kinetics as a function of 
the orthohydrogen (oH2) concentration in the solid. This 
led us to wonder about the effects of ortho-para (o/p) con-
version caused by the Cl-atom reagent and H-atom 
product. Specifically, we need to measure to what extent 

the oH2 concentration changes during the course of the IR-
driven reaction to test if we can measure the reaction 
kinetics at a fixed oH2 concentration. 

The fractional oH2 concentration (Xo) of solid hydrogen 
can be measured using Fourier transform infrared spect-
roscopy (FTIR) via the intensities of specific solid hyd-
rogen absorptions that are proportional to the oH2 and pH2 
content. For example, recently Abouaf-Marguin and co-
workers [9] established an empirical law to determine Xo 
using FTIR spectroscopy to study o/p conversion in solid 
normal hydrogen (nH2) doped with O2 molecules. These 
studies show that the paramagnetic O2 impurity catalyzes 
o/p conversion within the solid at 4.2 K. The heavy O2 
impurity is immobile in solid hydrogen at these tempe-
ratures and thus the kinetics of o/p conversion is diffusion 
controlled and limited by the rate at which oH2 diffuses 
next to an O2 molecule within the solid. Our expectation is 
that the Cl-atom radical should behave similar to O2 since 
it too should be immobile under our conditions. The effects 
of Cl-atom catalyzed o/p conversion should only be impor-

* Present address: Department of Chemistry, University of Alberta, Edmonton, Alberta T6G 2G2, Canada. 



P.L. Raston, S.C. Kettwich, and D.T. Anderson 

496 Fizika Nizkikh Temperatur, 2010, v. 36, No. 5 

tant at relatively high initial oH2 concentrations (Xo ≥ 0.1), 
since the Cl-atom concentration is very low (on the order 
of 100 parts-per-million) under the conditions that the IR-
induced reaction is studied. 

The o/p conversion kinetics in solid hydrogen catalyzed 
by the H-atom product, however, should be qualitatively 
different because the H-atom is mobile even at tempe-
ratures below 2 K. It is well known that H-atoms diffuse in 
solid hydrogen by quantum mechanical tunneling at tem-
peratures below 4 K [10–15]. The most recent ESR mea-
surements from the group at Nagoya University indicate 
the H-atoms translate via «chemical diffusion» whereby 
the H-atom moves by the H + H2 → H2 + H chemical reac-
tion between an H-atom and one of its surrounding H2 
molecules in the solid [14]. Through a variety of ESR mea-
surements, the Nagoya group examined both H-atom 
diffusion and recombination separately as a function of the 
oH2 concentration in the crystal at ~4 K [13]. These mea-
surements show that at Xo ≥ 0.1 the recombination rate 
is consistent with the measured diffusion rate, while at 
Xo < 0.1 the recombination rate is too slow to be explained 
by the diffusion rate [13]. This suggests that at low Xo the 
diffusion rate is still significant but the H-atoms do not 
recombine due to the details of chemical diffusion in re-
latively pure pH2. 

The purpose of this study is to measure the effects of 
Cl-atom and H-atom catalyzed o/p conversion during the 
course of the IR-induced Cl + H2 chemical reaction in 
solid hydrogen at Xo = 0.03 and 0.5 and at temperatures 
around 2 K. The measured Cl-atom catalyzed o/p 
conversion kinetics should be similar in many respects to 
recent FTIR studies of o/p conversion in O2 doped solid 
nH2 [9]. This is the first time to our knowledge, however, 
that FTIR measurements have been used to follow H-atom 
catalyzed o/p conversion in solid hydrogen. 

The measurements presented here compliment previous 
ESR measurements [10–15] of H-atom diffusion in solid 
hydrogen because the kinetics of o/p conversion depends 
on the H-atom diffusion rate. These FTIR measurements 
are also comparable to older gas-chromatography measu-
rements [11] which measured Xo in hydrogen solids before 
and after exposure to H-atoms, but in this case, we can fol-
low the o/p conversion kinetics directly and nondestruc-
tively. 

This paper is organized as follows. In the next section 
we describe the experimental techniques used to synthesize 
and characterize the Cl-atom doped hydrogen crystals. We 
report the Cl-atom quantum yield for 355 nm photolysis of 
Cl2 in solid pH2 in Sec. 3 along with FTIR measurements 
of the Cl-atom concentration and Xo. In Sec. 3 we present 
measurements of the time-dependence of the Cl-atom 
concentration during the IR-induced reaction which are, in 
turn, used to interpret the measured o/p conversion kinetics 
for crystals with Xo = 0.03 and 0.5. Finally, in Sec. 4 we 
summarize our main results. 

2. Experimental 

We use the «rapid vapor deposition» technique deve-
loped by Fajardo and Tam to produce ~2 mm thick optical-
ly transparent crystals of Cl2 doped solid hydrogen [16,17]. 
The Cl2 doped hydrogen crystals are grown by co-deposi-
tion of two separate gas streams, the H2 host (Linde Gas, 
purity: 99.999%) and Cl2 dopant (Aldrich, purity: 99.5%), 
onto a BaF2 optical substrate cooled to ~2.5 K within a 
liquid He bath cryostat. The oH2 content in the crystal is 
varied by passing nH2 gas through a variable low-tem-
perature o/p converter just prior to deposition. Since o/p 
conversion within solid hydrogen is very slow [18], the 
oH2 concentration in the solid is dictated by the thermal 
equilibrium established in the o/p converter. The oH2 con-
centration in the crystal can be predicted, therefore, from 
the temperature of the o/p converter (To/p) using the ro-
tational partition function of H2 and assuming complete 
equilibration. When the o/p converter is operated at either 
30 or 80 K, the corresponding Xo values are, respectively, 
0.0295 and 0.514. The oH2 concentration of the crystal can 
also be measured spectroscopically and the two IR-based 
methods used here will be described in Sec. 3. The IR 
pathlength through the crystal is determined using the 
integrated intensities of the Q1(0) + S0(0) and/or the 
S1(0) + S0(0) solid hydrogen double transitions and the 
proportionality constants 90(2) cm–2 and 7.0(2) cm–2, res-
pectively, determined by Fajardo [19]. We use the term 
«as-deposited» to refer to hydrogen crystals right after 
rapid vapor deposition which have never been exposed to 
temperatures above ~2.5 K. The as-deposited crystals are 
known to exhibit a mixed hexagonal-close-packed and 
face-centered-cubic crystalline morphology [16,20]. 

The Cl-atom doped pH2 solids are prepared by 355 nm 
in situ UV photolysis of the Cl2 precursor molecule [3,4]. 
The Cl2 doped pH2 crystals are photolyzed using the third 
harmonic (355 nm) of a Nd:YAG laser operating at 10 Hz 
with a pulse energy of 2 mJ/pulse and cross sectional area 
of ~50 mm2, which impinges on the solid at 45° with re-
spect to the substrate surface normal. All UV photolysis 
experiments are carried out on as-deposited samples at 
temperatures ~2 K. 

IR spectra are recorded with a FTIR spectrometer (Bru-
ker IFS 120-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. Mid-
IR spectra at 0.1 cm–1 resolution from 800 to 3800 cm–1 
are recorded with the FTIR equipped with a KBr beam-
splitter, a globar source filtered with a 3861 cm–1 long pass 
filter (LPF), and MCT detector. Near-IR spectra from 2000 
to 8000 cm–1 at 0.1 cm–1 resolution are recorded using a 
CaF2 beamsplitter, a tungsten source, and InSb detector. 
Experiments measuring the IR-induced Cl + H2 reaction 
and o/p conversion kinetics are carried out using the near-
IR FTIR setup with 127 s acquisition times (16 scans at 
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0.1 cm–1 resolution). Care was taken during UV photolysis 
to insure that no IR light > 4000 cm–1 impinged on the 
sample to prevent IR-induced chemical reactions [3]. 

3. Experimental results and discussion 

3.1. 355 nm Cl-atom quantum yield and Cl spin–orbit 
transition strength 

Figure 1,a displays IR spectra in the region of the zero-
phonon Cl spin–orbit (SO) transition for a 120 parts-per-
million Cl2 doped pH2 crystal (Xo ≤ 0.0003) as a function 
of exposure to the 355 nm photolysis laser. The mid-IR 
spectra are recorded with the 3861 cm–1 LPF in the FTIR 
beam to insure that no IR-induced photochemistry occurs 
while recording the spectra [3]. The bottom trace was re-
corded before UV photolysis for the Cl2 doped as-depo-
sited sample and shows no detectable absorption feature in 
this region. Subsequent traces, displaced upward with in-
creasing exposure to the UV phololysis laser, show growth 
in the integrated intensity of the Cl SO transition at 
943.8 cm–1 [4]. The upper most trace is for a total of 560 s 
of exposure to the 355 nm photolysis laser. The 355 nm 
photoproduction of isolated Cl-atoms is consistent with 
previous reports [3–5] from this laboratory for photolysis 
of Cl2 in solid pH2 carried out in the absence of IR light at 
energies above 4000 cm–1. 

Using the data shown in Fig. 1,a, a growth curve for the 
in situ 355 nm photoproduction of Cl in solid pH2 is plot-
ted in Fig. 1,b. The Cl-atom growth rate is found to be ap-
proximately first-order. The quantum yield (Φ) for the pho-
toproduction of Cl is determined using the following first-
order exponential growth expression [21,22]: 

 355( )  (   ) [1 exp ( )]I t I t I t= =∞ − −σ Φ , (1) 

where I(t) and I(  t =∞ ) are the integrated intensities of the 
Cl SO transition at photolysis time t and  t =∞ , respec-
tively, σ is the gas-phase cross section [23] of Cl2 at 
355 nm (16.2·10–20 cm2), and I355 is the laser fluence 
(7.11·1016 photons/cm2·s) used in the experiment. Using 
these values, the quantum yield for the production of Cl is 
found to be Φ = 0.17(3), where the reported error is the 
uncertainty (1σ) in Φ determined from the least-squares fit 
of the data to Eq. (1). This value differs slightly from the 
previously reported [5] value (Φ = 0.3) due to re-analysis 
of the integrated intensities of the Cl SO transition. The 
error in the reported quantum yield is likely larger due to 
the weak transition strength for the Cl SO transition which 
makes it difficult to determine accurate integrated in-
tensities. 

While the reported 355 nm Cl-atom quantum yield is 
small, it is still large enough so that 355 nm in situ photo-
dissociation of Cl2 can be used to produce Cl-atom doped 
solid pH2. We view these measurements as providing two 
important pieces of information. First, the quantum yield is 
not zero whereas for many condensed phase photodissocia-
tion reactions of relatively heavy atoms (e.g., Cl) the quan-
tum yield is extremely small due to the «cage effect» of the 
solvent which keeps the nascent photofragments in close 
proximity [21,22]. Second, the extracted photolysis rate 
constant (k = σI355Φ) allows us to design experimental 
conditions such that we can be assured that most of the Cl2 
has been photodissociated prior to any IR-induced photo-
chemistry. Under the present experimental conditions, the 
Cl-atom photoproduction rate (k = 2.0(4)·10–3 s–1) sug-
gests the Cl2 molecule has a half-live of 347 s and so by 
carrying out the photolysis for several half-lives, most (if 
not all) of the Cl2 is photodissociated before we start to 
study the IR-induced chemistry. 

The Cl SO transition is electric dipole-forbidden in 
the gas phase and thus has a weak transition strength 
of S = 9.45·10–21 cm/mol [24]. To measure the Cl SO tran-
sition strength for a Cl-atom solvated in solid pH2, we 
again used the data in Fig. 1. We calculated the Cl-atom 
concentration at each step in the photolysis using the initial 
Cl2 concentration and assuming the photolysis rate follow-
ed Eq. (1). To convert ppm factional concentrations to 
molecules per cm3 we used the number density of solid 
pH2 at liquid helium temperatures (2.600·1022 mol/cm3) 
[18,25]. We then made a plot of integrated intensity 
divided by pathlength (l = 0.33 cm) as a function of Cl-
atom concentration and fit the data to a straight line with 
the origin fixed at zero. This analysis showed 
S = 3.1(1)·10–20 cm/mol, where the error only reflects 
errors from the least-squares fit. This analysis is consistent 
with previous estimates and confirms that solvation in 
solid pH2 only slightly increases the Cl SO transition 
strength (about a factor of 3). The largest uncertainty in 

Fig. 1. Infrared spectroscopic data used to determine the Cl-atom
quantum yield (Φ) for the 355 nm photolysis of Cl2 in solid pH2.
(a) A series of IR spectra of the Cl SO transition displaced
upward with increasing exposure times to the 355 nm photolysis
laser. (b) Plot of the Cl SO integrated intensity (black circles)
versus photolysis time at 1.95 K. The solid line is a fit of Eq. (1)
to the data used to determine Φ. 
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this procedure is in the determination of the Cl-atom 
concentration which is calculated based on the Cl2 and H2 
gas flow rates during deposition. 

3.2. Monitoring the Cl-atom concentration in the near-IR 

To study the kinetics of o/p conversion while the IR-
induced Cl + H2 reaction is occurring, it is necessary to 
monitor the Cl-atom concentration as a function of time 
since the Cl-atom is paramagnetic and thus a potential o/p 
catalyst. As discussed above, the Cl-atom concentration 
can be monitored by measuring the integrated intensity of 
the Cl SO transition. However, the intensity of this tran-
sition is quite weak. The Cl SO + S0(0) double transition, 
which arises from simultaneous SO excitation of the Cl-
atom and rotational (J = 2←0) excitation of a neighboring 
pH2 molecule, is approximately 4 times more intense than 
the zero-phonon Cl SO transition [4]. Unfortunately, the 
Cl SO + S0(0) double transition is relatively broad (~25 cm–1) 
making the peak intensity low and thus this transition is 
also not very useful for monitoring the Cl-atom concentra-
tion at ~100 ppm levels. 

Fortunately the Cl SO + Q1(0) double transition is rela-
tively sharp and intense making it well suited for monitor-
ing the Cl-atom concentration under these conditions. 
Figure 2 shows the near-IR difference spectrum generated 
from spectra recorded before and after 20 min of 355 nm 
UV photolysis of a 2.0(1) mm thick Cl2-doped pH2 sample 
with an initial Cl2 concentration of ~50 ppm and Xo = 
= 0.0003. This feature is easily assigned to the Cl SO + 
+ Q1(0) double transition because the peak transition ener-
gy at 5094.72 cm–1 is 4150.9 cm–1 higher than the Cl SO 
transition (943.8 cm–1), and this difference corresponds 
almost quantitatively to the known Q1(0) vibron band ener-
gy (4153 cm–1) in solid pH2 [26]. Further, the Cl SO + 

+ S1(0) double transition is also observed at 5426.16 cm–1, 
which is 4482.4 cm–1 higher in energy than the Cl SO 
transition that also compares well to the S1(0) transition 
frequency in solid pH2 (4486.1 cm–1) [27]. 

Using the integrated intensity of the Cl SO + Q1(0) 
transition from five separate crystals, the measured thick-
nesses of the crystals, and assuming the 355 nm Cl2 pho-
todissociation follows Eq. (1) with the initial Cl2 concent-
ration determined from gas flow rates, the integrated inten-
sity of the Cl SO + Q1(0) double transition is estimated to 
be 2.3(2)·10–19 cm/mol which is approximately a factor of 
7 stronger than the intensity of the Cl SO transition. There-
fore, in the following kinetic studies we will use the 
Cl SO + Q1(0) double transition to monitor the Cl-atom 
concentration. The only drawback to using the intensity of 
this absorption feature to monitor the Cl-atom concent-
ration is that since the Cl SO + Q1(0) transition energy is 
greater than 4000 cm–1, the IR-radiation from the FTIR 
source used to record the spectra of this feature causes 
the Cl-atom to react with the pH2 solid via the reaction 
Cl + H2(v = 1) → HCl + H [3]. However, the IR-induced 
reaction rate is still slow compared to the acquisition time 
of the FTIR spectra (approximately 127 s) such that the 
kinetics of the Cl-atom decay caused by the IR-induced 
reaction can be followed using this transition. 

3.3. Monitoring the oH2 concentration 

The Xo value in a given crystal can be measured using 
the integrated intensities of specific solid hydrogen IR 
transitions. In this work we will utilize two methods de-
pending on the initial Xo value in the crystal. At relatively 
high oH2 concentrations (Xo ≥ 0.5), we will use the empi-
rical formula developed by Abouaf-Marguin and Vasserot 
[9] that utilizes the intensity of the solid hydrogen double 
transitions at 4505 and 4736 cm–1. The IR spectrum of a 
Cl-atom doped H2 solid with approximately Xo = 0.5 is 
shown in Fig. 3. The intensities of the two double tran-
sitions used in this analysis, labeled I(4505) and I(4736) 
in Fig. 3, are proportional to the pH2 and oH2 concen-
trations, respectively. Spectra are integrated from 4478 to 
4520.5 cm–1 to determine I(4505) and from 4719 to 
4763 cm–1 to determine I(4736) and the integration limits 
and baselines are indicated by the dotted lines in Fig. 3. 
These intensities are then used in the following equation 
[9]: 

 1 (4736)   
0.565 [ (4505) 0.11 (4736)]

o

p

N I
N I I

=
−

, (2) 

where the factor 0.565 accounts for the different transition 
strengths of I(4505) and I(4736) and the factor 0.11 takes 
into account a small oH2 contribution to the I(4505) pH2 
peak. Using this equation we calculate Xo = 0.5479(2) and 
0.5497(2) for two separate samples that were deposited 
with To/p = 80 K corresponding to Xo = 0.5137. This ana-

Fig. 2. Difference spectrum showing the Cl SO + Q1(0) and
Cl SO + S1(0) double transitions resulting from the 355 nm
photolysis of a Cl2 doped pH2 solid. The Cl SO + Q1(0) transition
is used to monitor the Cl-atom concentration as a function of
time. 
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lysis suggests the absolute Xo values are good to within 
10%. 

At Xo values less than 0.05, the I(4505) pH2 feature 
typically has a maximum absorption ( 10 0  log ( / )A I I= ) 
above 1.0 (for approximately 2 mm thick samples) and 
thus the method described above to spectroscopically 
monitor Xo was found to produce significant scatter in the 
measured value. For samples in this oH2 concentration 
range (Xo ≤ 0.05) we simply integrate the I(4736) double 
transition with narrower integration limits (4727 to 
4750 cm–1) to reduce the noise in the intensity measu-
rement. The IR spectrum of a Cl-atom doped pH2 solid 
with Xo ≈ 0.03 is shown in Fig. 4. Comparison of the 
I(4736) feature in Figs. 3 and 4 shows that at lower oH2 
concentrations this feature is significantly sharper and thus 
more precise measurements of Xo are possible. The 
transition strength for I(4736) was determined using the 
oH2 concentration calculated from the temperature of the 
o/p converter (To/p = 30 K and Xo = 0.02947) and the 
measured thickness of the sample. The I(4736) transition 
strength is therefore estimated to be 6.47(4)·10–21 cm/mol. 
We can independently measure the Xo value using the 
integrated intensity of the Q1(0) transition from 4151 to 
4154 cm–1 and the proportionality constant reported by 
Tam and Fajardo [17], which leads to Xo = 0.0269(5). 
Based on this analysis, for Xo values determined using just 
I(4736) for crystals with Xo ≤ 0.05, the reported Xo value is 
likely good to within 10%, similar to the errors for the 
method of Abouaf-Marguin and Vasserot [9]. Note using 
Eq. (1) from Tam and Fajardo [17] the proportionality con-
stant b for the I(4736) feature is predicted to be 73 cm–2 
(with ν  in cm–1 and l in cm). 

3.4. Cl-atom decay profiles in solid H2 
with Xo ≈ 0.55 and 0.03 

As discussed previously, the IR radiation from the FTIR 
spectrometer used to measure the Cl SO + Q1(0) transition 
induces the Cl + H2(v = 1) → HCl + H reaction and thus 
the Cl-atom concentration decays with time when IR light 
at energies > 4000 cm–1 irradiates the crystal [2,3]. In or-
der to quantify to what extent the Cl-atom catalyzes o/p 
conversion within the solid, we need to know the time 
profile of the Cl-atom concentration. In Fig. 5 we plot the 

Fig. 3. Near-IR spectrum in the region of the fundamental solid
hydrogen transitions for a Cl2 doped hydrogen solid with
Xo ≈ 0.55 recorded at 2.14 K right after 15 min of 355 nm
photolysis. The dotted line segments indicate baselines and
integration limits used to determine I(4505) and I(4736) in order
to spectroscopically measure Xo for samples with high initial oH2
content. 
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Cl-atom concentration as a function of IR exposure time 
for three separate Cl-atom doped H2 crystals. The basic 
procedure used to record these time profiles are the same 
for all three samples. First a Cl2 doped H2 solid is depo-
sited and then photolyzed with 355 nm UV radiation for a 
set amount of time (15 to 20 min) to produce the Cl-atom 
doped sample. After UV photolysis is complete, the sample 
is exposed to IR radiation from the FTIR source that con-
tains IR photons at energies greater than 4000 cm–1 and re-
peated near-IR spectra are recorded for approximately 8 h. 
The IR irradiation time is limited by the hold time of the 
liquid helium cryostat. Typically, spectra are recorded at 
4 min intervals with 127 s acquisition times at a spectral 
resolution of 0.1 cm–1. The integrated intensity of the 
Cl SO + Q1(0) transition measured in these spectra are 
used to calculate the Cl-atom concentration in ppm to ge-
nerate the data shown in Fig. 5. 

The three traces in Fig. 5 are for two samples with high 
Xo (labeled a and b) and one with low Xo (labeled c). As 
will be discussed in a separate publication [28], the kine-
tics of the IR-induced Cl + H2 reaction depends on the oH2 
concentration in the crystal. At high Xo values (Xo = 0.55) 
the reaction slows down and does not go to completion. All 
three data sets in Fig. 5 are well fit by a simple exponential 
function, 

 [Cl] [Cl]    exp ( )A kt∞= + − , (3) 

where [Cl]∞ is the Cl-atom concentration at infinite reac-
tion time, A is the magnitude of the [Cl] decrease, and t is 
the total time of IR exposure. The fitted parameters are gi-
ven in Table 1. The IR-induced reaction rate constant is 
larger for crystals with lower Xo values. In addition, at high 
Xo values the reaction does not proceed to completion, 
which can be seen by the [Cl]∞ values reported in Table 1 
for crystals (a) and (b) which remain at 35–40% of the 
initial Cl concentration even after prolonged IR exposure. 
The implications of this oH2 concentration effect on the IR 
induced reaction kinetics are beyond the scope of this 
paper, but the details of these Cl-atom concentration 
profiles will be used to interpret the o/p conversion kinetic 
data. 

Table 1. Fitted parameters determined from least-squares fits 
of Eq. (3) to the Cl-atom concentration data during IR exposure 
for four separate crystals 

3.5. Cl-atom catalyzed o/p conversion 
in Xo ≈ 0.55 hydrogen solids 

The first evidence of Cl-atom catalyzed o/p conversion 
was provided by lineshape analysis of the Cl SO + Q1(0) 
transition in H2 crystals with high Xo values. Selected IR 
spectra during the course of the IR-induced reaction are 
shown in Fig. 6 for crystal (a). The spectra in Fig. 6 are 
displaced downward with increasing IR exposure time. 
The Cl SO + Q1(0) transition energy (5094.72 cm–1) mea-
sured for a low Xo = 0.0003 pH2 solid is indicated in Fig. 6 
by a dashed line. Careful examination of the Cl SO + Q1(0) 
lineshape at this high initial oH2 concentration (Xo ≈ 0.55) 
shows that the peak transition energy and FWHM change 
during the early stages of the IR-driven reaction. Shown in 
Fig. 7 are plots of the FWHM (cm–1) and peak shift (cm–1) 
as a function of the IR exposure time. The peak shift is 
defined here as the measured peak position minus the 
Cl SO + Q1(0) transition energy measured for low Xo pH2 
solids, namely peak shift = νmax — 5094.72 cm–1. Both 
data sets are well-fit by a double exponential equation 

 0( )    [1 exp ( )]  [1 exp ( )]Y t y A at B bt= + − − + − − . (4) 

The results of least-squares fits of the FWHM and peak 
shift data to Eq. (4) are presented in Table 2. The Cl SO + 
+ Q1(0) peak shifts to lower energy (0.59 cm–1) and nar-
rows (0.94 cm–1) during the ~500 min IR exposure. We in-
terpret this as proof that the paramagnetic Cl-atom con-
verts nearby oH2 molecules with the faster rate constants 
extracted from the fits. The peak shift changes faster than 
the FWHM because the observed peak transition energy is 
heavily weighted by nearest-neighbor interactions, while 

Crystal Xo [Cl]∞, ppm A, ppm  k, min–1 

a 0.55  132(2) 204(1) 3.05(5)·10–3 

b 0.55  59(2) 110(1) 3.64(12)·10–3 

c 0.03  3.4(2) 79.5(7) 15.4(2)·10–3 

d 0.03  7.1(6) 132(1) 10.0(2)·10–3 

Fig. 6. A series of spectra of the Cl SO + Q1(0) transition illust-
rating the time dependence of this feature for a sample with an 
initial Xo = 0.55. The IR spectra are displaced downward with in-
creasing IR exposure time showing that the feature sharpens and 
shifts toward lower frequency while constantly decaying in inten-
sity. The dashed line indicates the Cl SO + Q1(0) transition fre-
quency measured for Cl in highly enriched pH2 solids (Xo = 
= 0.0003). 
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the FWHM is more sensitive to long-range interactions. 
After the Cl-atom converts all the oH2 molecules within 
some critical distance, then on a longer timescale and with 
a slower rate constant, oH2 molecules diffuse to the Cl-atom 
and get converted, such that the bulk concentration of oH2 
decays with the slower rate constant extracted from the 
fits. Indeed, the slower rate constant (4.2·10–3 min–1) 
measured here is in the range of the rate constants (5–
12·10–3 min–1) measured for the formation of oH2 dimers 
in almost pure pH2 solids which is a measure of the oH2 
quantum diffusion rate [29]. Once the Cl-atom is generated 
photolytically, it converts all the oH2 molecules that are 
nearby with a fast rate and then once these oH2 molecules 
are depleted, the o/p conversion process becomes rate-
limited by the oH2 quantum diffusion rate to the Cl-atom 
reaction center. Since the Cl-atoms are preset at low con-
centration, the initial fast local o/p conversion does not 
change the bulk Xo value very much. However, oH2 quan-
tum diffusion to the Cl-atoms that occurs on the slower 
timescale is the mechanism by which the bulk Xo value 
changes with time. It is therefore useful to measure the 
time dependence of Xo using solid hydrogen double 
transitions instead of the Cl SO + Q1(0) transition. 

Table 2. Fitted parameters determined from least-squares fits 
of Eq. (4) to the FWHM and peak shift data for the Cl SO + Q1(0) 
transition during IR exposure for a crystal with Xo ≈ 0.55 

Data y0, cm–1 A, cm–1 a, min–1 B, cm–1 b, min–1 

FWHM 1.89(1) 0.74(2) 4.0(3)·10–2 0.20(2) 4.2(11)·10–3

Peak shift 0.43(2) 0.49(4) 7.1(11)·10–2 0.10(2) 4.2(28)·10–3

The bulk oH2 concentration for the two crystals with 
initial Xo ≈ 0.55 values are plotted in Fig. 8 as a function of 
IR exposure time. In both cases Xo decreases with time and 

with a faster rate for the sample with the higher Cl-atom 
concentration. The o/p conversion rate in pure hydrogen 
solids is known to be second-order with respect to Xo [18] 
and has a self-conversion rate constant of Ksc = 1.90(5)%/h 
[18]. The self-conversion rate is second-order with respect 
to Xo because only the total nuclear spin I = 1 oH2 species 
generates inhomogeneous magnetic fields that can induce 
o/p conversion, the I = 0 pH2 molecule cannot. The change 
in Xo with time calculated using the self-conversion rate 
with slightly different initial oH2 concentrations for both 
crystals are shown as dashed lines in Fig. 8. Clearly the 
measured decay in Xo is significantly greater than the 
predicted self-conversion rate indicating that the Cl-atoms 
catalyze the o/p conversion. The Xo data are well fit by an 
expression developed for catalyzed conversion by O2 
molecules [30], namely 

 1 1  exp ( )   [exp ( ) 1]
( ) (0)

scK
bt bt

C t C b
= + − , (5) 

where cc pb K C≡ , Ksc is the self-conversion rate constant, 
Kcc is the catalyzed conversion rate constant, C(0) is the Xo 
value at t = 0, and Cp is the concentration of the catalyst 
species, in this case the Cl-atom. Since the catalyst 
concentration is time-dependent, we fit Eq. (5) to the data 
using the Cp(t) profiles calculated from the data in Fig. 5. 
The results of the fit are shown as solid lines in Fig. 8 and 
the fitted parameters are presented in Table 3. The average 
self-conversion rate constant (1.62(5) %/h) extracted from 
the fits agrees well with the literature value (1.90(5) %/h) 
[18]. The average catalyzed conversion rate constant 

Fig. 8. Plots of Xo as a function of IR exposure time for two 
different Cl-atom doped solid hydrogen samples with initial 
Xo ≈ 0.55 values. The data for 170 ppm (squares) and 340 ppm 
(circles) initial Cl-atom concentrations show that o/p conversion 
rate speeds up at the higher Cl-atom concentrations. The dashed 
lines indicate the oH2 self-conversion rate (without catalyst) for 
samples with these initial oH2 concentrations. The solid lines are 
the results of fits of Eq. (5) to the data. 
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(1.16(11) min–1) for a Cl-atom is significantly larger than 
the value measured for O2 catalysis, Kcc = 0.17(3) min–1 
[9]. This might be due to contributions from H-atom 
catalyzed o/p conversion. However, the fact that the data 
are well fit by Eq. (5) which uses the Cl-atom concent-
ration for Cp(t) supports the interpretation that Cl-atoms 
are catalyzing o/p conversion under these conditions. 

Table 3. Fitted parameters determined from least-squares fits 
of Eq. (5) to Xo data during IR exposure for two crystals with 
initial Xo ≈ 0.55 values 

3.6. H-atom catalyzed o/p conversion 
in Xo ≈ 0.03 hydrogen solids 

The next step is to analyze the o/p conversion data for 
highly enriched pH2 solids (Xo = 0.03). First, the pertur-
bation of the Cl SO + Q1(0) transition observed for the 
crystals with nominally Xo = 0.0295 values is very small. 
The Cl SO + Q1(0) lineshape is not at significantly higher 
transition energies and/or broader compared to the absorp-
tion feature measured for a crystal with Xo = 0.0003. 
Shown in Fig. 9 is a plot of Xo with time (open circles) 
measured for crystal (c) with an initial Xo = 0.02916 value. 
Attempts to fit this data to Eq. (5) failed and if the 
parameters reported in Table 3 for Kcc are used with the 
Cl-atom time profile and initial Xo value for this crystal, 
the predicted Xo time dependence is shown by the dashed 
line in Fig. 9. Under these conditions, since the Cl-atom 

concentration quickly decays in the first 100 min (see 
Fig. 5), there is no way to account for the large amount of 
o/p conversion that is observed based solely on Cl-atom 
o/p catalysis. Indeed for highly enriched pH2 crystals it ap-
pears that a qualitatively different mechanism is dominant. 

As the Cl-atom concentration decays in time via the 
IR-induced Cl + H2(v = 1) → HCl + H chemical reaction, 
H-atoms are produced. Since the H-atom is also paramag-
netic, it too can serve as an o/p catalyst within the solid. In 
addition, even at the low temperatures at which these 
experiments were conducted (1.93 K), the H-atom can still 
diffuse via quantum mechanical tunneling [10–15]. Thus, 
if the H-atom quantum diffusion rate is large, one H-atom 
can convert large numbers of oH2 molecules over long 
distances. Under these conditions Eq. (5) for an immobile 
o/p catalyst would not be applicable, and instead for a 
mobile o/p catalyst Xo should decay exponentially until it 
reaches the equilibrium value Xo ≈ 0 for the 2 K solid. 

As shown in Fig. 9, Xo is observed to decrease expo-
nentially from 0.02916 to 0.02358 within the ~500 min 
time interval. The solid line in Fig. 9 is the result of a least-
squares fit of Eq. (3) to the Xo data and the fitted constants 
are reported in Table 4. 

Table 4. Fitted parameters determined from least-squares fits 
of Eq. (3) to Xo data during IR exposure for two crystals with 
initial Xo ≈ 0.0295 values 

Crystal  Xo(t = ∞) A k, min–1 

c 0.02358(3) 5.58(3)·10–3 5.4(1)·10–3 

d 0.02365(8) 5.30(7)·10–3 4.7(2)·10–3 

Two separate experiments under the same experimental 
conditions (crystals c and d) show that the exponential 
decrease in Xo is very reproducible. However, Xo does not 
approach the 2 K equilibrium value (Xo ≈ 0), but an infinite 
time value around Xo(t = ∞) = = 0.02358. We speculate 
that the reasons the H-atoms do not fully catalyze o/p con-
version in solid hydrogen under these conditions are 1) pre-
ferential diffusion of the H-atoms in locally high pH2 con-
centration regions of the crystal and 2) decay of the H-atom 
concentration with time. Based on ESR measurements, H-
atoms tunnel through nH2 solids leaving behind trails of 
pH2 molecules, and subsequent H-atoms preferentially tun-
nel along these same pH2 trails [12]. Preferential H-atom 
diffusion therefore can result in less o/p conversion in the 
solid than if the H-atom diffusion path were purely ran-
dom. The H-atom concentration also decays in time prima-
rily through H + H → H2 recombination and under the pre-
sent conditions the H-atom concentration has likely de-
cayed to zero by the end of the 500 min IR exposure. The 
H-atoms are only produced while there are still Cl-atoms 
left to react. After the IR-induced reaction is over, then the 
H-atom concentration steadily decays. Fushitani and Mo-
mose [31] have studied H-atom recombination with NO in 

Crystal C0 Ksc, min–1 Kcc, min–1 

a 0.5497(2) 2.56(9)·10–4 1.05(3) 
b 0.5479(2) 2.83(8)·10–4 1.26(5) 

Fig. 9. Plots of Xo as a function of the IR exposure time for a Cl-
atom doped pH2 sample with an initial Xo ≈ 0.0292 value. The Xo
data is well fit by single-exponential decay as shown by the solid
line. The dashed line indicates the predicted Xo time dependence
for Cl-atom catalyzed conversion. The large disparity between
the dashed and solid lines is taken as evidence for H-atom ca-
talyzed o/p conversion. 
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solid pH2 and observe H-atom decay via the growth of 
HNO on a similar timescale. Interestingly at very low 
Xo = 0.001 values the H-atom recombination rate slows 
down compared to the recombination rate at Xo = 0.08 
[13]. It would therefore be worthwhile to repeat these 
studies of H-atom catalyzed o/p conversion for hydrogen 
solids with Xo = 0.001 instead of Xo = 0.03. We are 
currently designing new experiments to study H-atom 
catalyzed o/p conversion using FTIR spectroscopy over a 
greater range of conditions. 

Quantitative measurements of the H-atom diffusion rate 
in solid hydrogen as a function of Xo are difficult to make, 
but the best models based on extensive ESR measurements 
indicate H-atom chemical diffusion speeds up at very low 
Xo values [13]. The rate of multidimensional H-atom 
tunneling in solid hydrogen is faster when the initial and 
final tunneling states are at the same energy, for example 
the H-atom position before and after the H-atom has 
moved one lattice spacing [12,13]. A very pure pH2 crystal 
is homogeneous, periodic and symmetrical making this 
resonant H-atom chemical tunneling facile [12,13]. With 
the introduction of oH2 impurities, resonant tunneling 
phenomena such as H-atom chemical diffusion slow down 
because the impurities detune the initial and final tunneling 
states. The H-atom diffusion rates might be inferred by 
modeling the o/p conversion kinetics measured in this 
work. We are interested in these quantum phenomena since 
H-atom tunneling in solid hydrogen is very similar to vib-
ron hopping which is directly related to how the Cl + H2 
reaction is triggered by IR light [2,3,5]. 

4. Summary 

The FTIR spectroscopic measurements presented here 
show that during the course of the IR-induced Cl + H2 
reaction in cryogenic solid hydrogen, qualitatively differ-
rent o/p conversion mechanisms dominate depending on 
the initial Xo value for the crystal. At relatively high Xo 
values (Xo = 0.5), o/p conversion proceeds via oH2 quan-
tum diffusion to Cl-atom reaction centers. At these high Xo 
values, H-atom catalyzed conversion also likely occurs but 
at a negligible rate compared to the Cl-atom catalyzed o/p 
conversion. However, at low Xo values (Xo = 0.03) con-
version proceeds almost exclusively via H-atom catalyzed 
o/p conversion. The rate of Cl-atom catalyzed conversion 
is small since the reaction rate is limited by oH2 quantum 
diffusion to the Cl-atom reaction centers which slows down 
dramatically at low Xo values. In contrast, the H-atoms can 
still readily diffuse to the oH2 molecules at low Xo values 
and thus H-atom catalyzed o/p conversion dominates. 
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