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ABSTRACT

Temperature programmed desorption (TPD) is a well-known technique to study gas-surface processes, and it is characterized by two main
quantities: the adsorbate binding energy and the pre-exponential factor. While the former has been well addressed in recent years by both
experimental and computational methods, the latter remains somewhat ill-defined, and different schemes have been proposed in the litera-
ture for its evaluation. In the astrochemistry context, binding energies and pre-exponential factors are key parameters that enter microkinetic
models for studying the evolution over time of the chemical species in the universe. In this paper, we studied, by computer simulations,
the effect of different pre-exponential factor models using water, ammonia, and methanol adsorbed on amorphous and crystalline ices as test
cases: specifically, the one most widely used by the astrochemical community (Herbst-Hasegawa), the models provided by Tait and Campbell,
and an extension of the Tait formulation including the calculation of the vibrational partition function. We suggest the methods proposed
by Tait and Campbell that provide TPD temperature peaks within 30 K of each other while avoiding demanding quantum mechanical cal-
culations, as they are based on tabulated data. Finally, when the explicit inclusion of the vibrational partition function is needed, we propose
a cost-effective strategy to include all the thermal contributions in the partition functions without the need for performing a full vibrational
calculation of the whole system.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0266978
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I. INTRODUCTION

The desorption rate is the fundamental observable needed to
describe the microscopic mechanisms that account for the desorp-
tion of whatever species is adsorbed on a surface.' In other words,
it is the main actor that rules whether a species remains stuck on
a surface or goes into the gas phase. The desorption rate (kgs) is
mathematically described as an Arrhenius process,

Kaes = v exp (—Ea/(RT)), (1)

where the pre-exponential factor v is related to the entropy of
the desorption mechanism and E, is the activation energy, usually

approximated as the binding energy (BE). Therefore, BE is the
energy needed to detach the adsorbate from the surface. Rigorously,
it should include the zero point-point energy (ZPE) and thermal
correction to be converted in the heat of desorption.

The determination of the pre-exponential factor (elsewhere also
called the prefactor) in the chemical desorption mechanism is a long
standing issue’ * because of the high level of accuracy required in
both experimental and computational studies. In fact, from the com-
putational point of view, despite several methods providing a very
accurate estimate of the energetic term,”° the prefactor still remains
a critical quantity.”’

The main problem connected to the estimation of the prefac-
tor is the difficulty in describing the vibrational modes of the species
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involved before and after desorption, especially those deriving from
the free translations and rotations of the adsorbate that become
intermolecular vibrational modes once the gas phase molecule is
stuck on the surface. In the last decades, different approaches
have been proposed to retrieve this fundamental piece of infor-
mation: the immobile particle approximation™*’ (where the vibra-
tional frequencies are not considered at all), the harmonic oscillator
(in which the nuclear motion is limited to small amplitudes within a
parabolic potential), and the free and hindered translators/rotators.”
Many approaches were proposed to go beyond the above-mentioned
approximations,'’ '* the one with the most general applicability tak-
ing into account the full anharmonic treatment of all vibrational
modes, solving the 1D nuclei Schrodinger equation for each normal
mode and any combination of them.'” ' This treatment is impor-
tant, especially for large amplitude motions and low frequencies, and
for high-frequency stretchings involving light atoms, in particular H.
A way to overcome the limitations imposed by the static calculations
is to take advantage of Molecular Dynamics (MD) simulations'®
which, through the Fourier transform of the velocity autocorrela-
tion function, provide the anharmonic frequency spectrum of the
system,'” albeit considering the nuclei as classical particles. Finally,
a recent empirical method developed by Campbell and Sellers™'®
was introduced to determine the prefactor based on the gas-phase
entropy of the adsorbed species. This approach was calibrated using
the adsorption of various alkanes on MgO(100) smoke, Pt(111), and
graphite(001). Their findings indicated that the adsorbate retains
approximately two-thirds of the entropy of the gas-phase molecule,
suggesting that the procedure could be applicable to other surfaces
and molecular species.” This has been confirmed by subsequent
papers that demonstrated the validity of such a method for an exten-
sive set of molecules and materials, not only when adsorbed on flat
surfaces but also on microporous structures like zeolites."” *’

However, all of these techniques have been applied to van der
Waals systems, i.e., adsorbates bound to metallic, metal oxide, zeo-
lite, and metallic-organic-framework substrates (“hard” surfaces)
through dispersive forces, which do not change the structure and
properties of the ad-molecule and the substrate upon adsorption:
the assumption of a rigid surface works well, the cohesive energy of
the surface being orders of magnitude higher than the interactions
that govern the adsorption process. This may not hold when the
interactions between the adsorbate and the substrate are of the same
order of magnitude as the cohesive energy of the substrate. Relevant
cases are the adsorption through H-bond interactions of adsorbates
with the surface of amorphous ice of interstellar relevance, where the
coupling of the vibrational modes between the ad-molecule and the
adsorbate affects the vibrational partition function. It is part of the
purpose of this work to assess the relevance of the above hypothesis.

From an experimental point of view, desorption rate and
related parameters, i.e., binding energy and pre-exponential fac-
tor, are derived from Temperature Programmed Desorption (TPD)
experiments which, applied to “soft” surfaces, may cause the restruc-
turing and/or the co-desorption of the surface molecules, in addition
to the adsorbate, because the interactions between the adsorbate and
the surface are of the same nature and magnitude as the interactions
responsible for the cohesive energy of the surface itself. Therefore,
being very difficult to selectively desorb the adsorbate only, the mea-
sures on these kinds of systems often overestimate the desorption
rate.”

ARTICLE pubs.aip.org/aipl/jcp

In astrochemistry this is particularly important because in cer-
tain astronomical environments, like molecular clouds, the majority
of the surfaces available to trap/release gas-phase molecules are the
icy mantles covering the rocky core of the grains. The accurate esti-
mate of desorption rates of interstellar molecules is fundamental
to obtaining reliable predictions of the evolution of such species
through the microkinetic models.

In this work, we will focus on the interactions of ammonia,
water, and methanol as test cases with icy water surfaces with
the aim of simulating adsorption at the icy mantles of interstellar
grains. The objective is not to establish new benchmarks with exper-
iments but to compare the prefactor formula commonly employed
by the astrochemical community, proposed by Hasegawa et al.,”* the
immobile particle approximation proposed by Tait et al.,” its exten-
sion through the inclusion of the vibrational partition function, thus
considering the eventually non-negligible vibrational couplings of
adsorbate/adsorbent, and the empirical formula proposed by Camp-
bell and Sellers.” The challenge is to apply the different approaches to
the adsorption of species at “soft” ice surfaces with respect to “hard”
metallic surfaces where these theories have been widely applied and
discuss the differences. We will give some suggestions to optimize
the cost-accuracy of the pre-exponential factor, depending on the
instruments and resources available. Moreover, we will illustrate a
way to fit the desorption rates in order to derive temperature depen-
dent prefactors and BEs in a way that can be easily implemented in
microkinetic simulation programs.

Il. DESORPTION RATE CONSTANT
A. Formalism

The desorption process can be formulated with the
Polanyi-Wigner equation”*

dN ;
—E:Nvexp(—Ea/(R T)), 2)
[ —
kaes(T)

where N is the number of adsorbed species on the surface, i is the
order of the process, v is the pre-exponential factor (also called pref-
actor), E, is the activation energy, R is the ideal gas constant, T is
the temperature, and t is the time. Typically, physisorption of small
molecules is a non-activated process so that the activation energy is
assumed to be equal to the BE (E, ~ BE) of the adsorbed species.
This approximation allows us to avoid the expensive search for the
transition state structure.

Usually, in the theoretical and experimental astrochemical
community, the prefactor is estimated via the following equation
proposed by Hasegawa et al.*

2 E,
VHH =\ 5>
n my A

3

where A is the surface area per adsorbed molecule (normally
assumed to be 107" m?, and this value is kept constant throughout
this work) and my is the mass of the adsorbed species. This equation
usually leads to a vyy range of 102-10" s7'.23 As an alternative, in
some cases the prefactor can be inferred by experiments, running

different temperature ramps in the same TPD experiment.””> How-
ever, the majority of BEs and v present in the literature are obtained
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at a given temperature peak and, consequently, they are constant,
i.e., without any dependency on the temperature.””

Using the Transition State Theory (TST), we can model the des-
orption rate as a unimolecular process C - M + S (C is the adsorbed
complex, and M and S are, respectively, the isolated adsorbed
molecule and surface), where the activation barrier is assumed to be
equal to the BE [corrected for the ZPE and thermal contributions,
i.e., BH(T), see Appendix A for details]. The associated rate can be
written as

Kaes(T) = vrsr(T) exp (—B;I(::) ), 4)
where the prefactor vrst(T) is expressed as
kB T iq
vrsr(T) = P (5)
q

where *q and q are the partition functions of the transition state (TS)
and the complex C, and « is the transmission coefficient that, for an
irreversible process such as the desorption, can be assumed to be
equal to 1.”° In the approximation that E, ~ BE and, accordingly,
the transition state is approximated to the product (i.e., the non-
interacting ad-molecule and surface, M + S), the above-mentioned
equation can be expanded by factorizing the different terms of
the internal partition function for each involved species, i.e., the
adsorbed molecule M, the surface S, and the complex C, leading to

1 1
vl}’gT(T) _ ks Tiquns(M)iqmt(M) Byir(M)* 4, (S) . ()
h qwb(c)

Here, we assume qelec = 1, which represents a good approximation
for closed shell species in the ground state. The kgT/h term repre-
sents the translational degree of freedom that leads the system to
the TS (gas phase), i.e., the translational motion of the desorbing
molecule normal to the surface. In other words, it represents the
third missing dimension of the 2D translational partition function
(*q?2.(M)). kT/h is the key actor in the estimation of the prefac-
tor and, at a temperature around 100 K, relevant for the astrochem-
istry conditions, it has a value of ~2 x 10'* s™'. The translational
partition function (*q25,(M)) is

2amy kg T
() = (2D )4, @)

in which A has the same meaning as in Eq. (3) (i.e., 107 m?,
assuming a monolayer coverage). The rotational partition function
(*grot(M)) can be expressed within the rigid rotor approximation,

T 3

J:qrot(M) = 07\/]1_3(8 s kg T)z VI I, (8)
where I, I,, and I, are the principal moments of inertia and
o is the symmetry factor that classically identifies the indistinguish-
able rotational configurations of a specific molecule. In the specific

ARTICLE pubs.aip.org/aipl/jcp

case, 0 = 1,2,3 for methanol (Cs symmetry group, i.e., no rota-
tion axis), water (Cyy, i.e., symmetry axis of order 2), and ammonia
(Csy, i.e., symmetry axis of order 3), respectively. Finally, the q,;; in
the harmonic approximation is obtained as

_ 1
Qviv = Y 67hv_~ 9)
1-exp (kB T)

Equation (6) is usually approximated in the limit of a com-
pletely immobile particle in the adsorbed state,”*”** assuming g"
equal to one, thus leading to

i ks T(2nmykg T 3 2
gy < T (2 ke Ty, VT 2 by 1) R T

i, (M)

iqroi(M)
(10)
This approximation relies on the assumption that the vibra-
tional modes of the surface and the ad-molecule do not change
upon adsorption/desorption and, accordingly, the vibrational par-
tition function ratio of Eq. (6) (g5, ) is equal to 1. This can be
safely applied to rigid surfaces, whose cohesive energy is orders of
magnitude greater than the interaction energy of the ad-molecule
with the surface, i.e., there is no coupling between the vibrations of
the ad-molecule and the surface. However, for “soft” surfaces (i.e.,
where the molecules are connected by weak intermolecular forces,
like the H-bond pattern in the ice), it is possible that the coupling
between the vibrations of the adsorbate and the phonons of the sur-
face plays a non-negligible role in the g3 term, in particular when
considering the adsorption of a molecule occurring through H-bond
interactions. The major contributor that leads to different results
with respect to the approximated form is the six hindered rota-
tions and translations of the adsorbed molecule (6HRT) converted to
internal vibrations upon adsorption. Equation (10) does not depend
on the final structure and, therefore, it is not associated with a spe-
cific site and BE, giving a constant number for each species. Indeed,
as reported by Ref. 2, the prefactor calculated by Eq. (10) should be
considered an upper limit. Within the TST model, the vibrational
partition function ratio, g/, can be expanded as

iqvib(M)iqvib(S) ~ viqvih(M) iqvib(s) 1
3iv(C) By (M/[C) 4un(S/]C) 3™
—— —/

—_———
g () 457 (5)

(1m

where g®4®" is the vibrational partition function only considering

the six hindered rotations and translations of the adsorbed species
on the surface, """ (M//C) is the partition function for the 3N-6
intramolecular vibrations of the adsorbed species on the surface, and
Qi (S//C) is the partition function of the surface vibrational modes
excluding the contributions from the adsorbed species.

The last model for the prefactor has been proposed by Campbell
and Sellers,” some years after the works published by Tait et al.,”’
with a new way to estimate the prefactor based on the entropy of the

J. Chem. Phys. 163, 044117 (2025); doi: 10.1063/5.0266978
Published under an exclusive license by AIP Publishing

163, 044117-3

10:20:S1 9202 UdteN +0


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

adsorbed species (S;4) which, in turn, depends on the entropy of the
molecule in the gas phase (Sgy),

VCampbell = T +3.3-

- ;[18.6+ln((:11:r);(29;<)2)]}, (12)

where my is the molar mass of the gas, ma, is the molar mass of
the argon gas, and S3, sk is the entropy of Ar gas at 1 bar and
298 K (= 18.6R). See Appendix B for details. Campbell’s Eq. (12)
was derived by assuming a surface standard-state coverage of 0.01
monolayer.”’

ksT {o.sosgas
exp R

B. TPD spectra and temperature peak

TPD spectra are computed by using Eq. (2). For this reason,
the time is expressed as a function of the temperature through the
experimental surface heating rate (8 = dT/dt), obtaining the first-
order equation at the monolayer coverage regime (i.e., i = 1),

dN N BH(T) )
ar = B '

13)

v(T) exp (f T

kaes(T)

The maximum temperature peak is found by differentiating
the above-mentioned equation as a function of T and setting
d®N/dT? = 0. Since both the prefactor v and BH are functions of T,
the derivative has to be solved numerically by integrating the dif-
ferential equation with, for example, the Euler method. In the
approximation that v and BH are not temperature dependent, the
temperature peak is obtained by solving the root of the following
equation numerically:

ARTICLE pubs.aip.org/aipl/jcp
BH v BH
v 5o (cxr) o o

However, Eq. (14) was never used; indeed, BH(T) and v(T) were
always calculated according to Eq. (13), i.e. taking into account the
temperature dependence.

lll. RESULTS

In this work, we used adsorption of astrochemical represen-
tative molecules (water, ammonia, methanol) on both amorphous
and crystalline ice models to study (i) the dependency of the vibra-
tional partition function on the desorption rate (Subsection 111 A),
(ii) the different prefactor models on simulated TPD spectra
(Subsection III B), and (iii) the thermal correction to the BE (Sub-
section 11 C). Structural models and binding energies for the amor-
phous ice were retrieved from our previous papers and are based
on large molecular clusters aimed at stimulating the high variability
of sites of the amorphous ice mantles.”" "’ New ad hoc calcula-
tions have been run on the crystalline ice only, simulated within
the periodic boundary conditions. Even if not representative of the
interstellar ices, it allows us to run quick calculations while exhibit-
ing the soft nature imposed by the hydrogen bond web. This, in
turn, gives phonon modes that may be perturbed upon adsorption
at the surface. In Table [, we report the overview of all the com-
puted properties regarding the TPD spectra, i.e., binding energies,
thermal corrections, and the calculated pre-exponential factors and
corresponding Tpeax.

In Appendixes A and C, we report the BE formalism and the
methodology used to carry out the simulations, respectively. The
accuracy of the chosen methodology for the interested reader is
shown in the supplementary material.

TABLE . Properties of H,O, NH3, and CH3OH as adsorbed on molecular clusters (Mol) or at the crystalline ice models (Cry). Tpea is extracted from the simulated TPD spectra,
using 8 = 0.04 Kis and A = 10~ m?. The prefactors v¥/2. and vit. are computed at the Tpea. iy is computed using BH(0). Energy values are in kJ/mol, peak temperatures

in Kelvin, and prefactors in s~".

. i i i C bell i

Speaes Sample BH(O) ABH(Tpeak) V‘Y,%T(Tpeuk) VCampbell(Tpeuk) v%a{(Tpeak) VHH [BH(O)] T;:zik Tp;’]:‘l’ ‘ T;ZZZ;( T]IJ—Z;Ik
Mol 1 30.9 2.7 5.9 x 10™ 1.2 x 10" 1.3 x 10%° 1.9x 102 105 110 103 123

Mol2 446 3.0 1.4 x 101 1.9 x 10" 4.0 x 101 22x102 146 153 142 173

H,0 Mol 3 56.6 3.8 7.0 x 10%° 2.5 x 10™ 8.4 x 10%° 25x 102 180 191 179 221
CryAds 504 3.3 1.4 x 107 22 x 10" 59x10°  24x10% 163 171 158 193

CryDes 71.1 6.1 1.3 x 10" 34 x 10" 15x10"  28x107 214 241 213 267

Mol 1 243 1.3 1.2 x 10 9.6 x 10" 9.3 x 10™ 1.7 x 10" 85 85 81 95

NH, Mol 2 34.1 2.1 2.7 x 10" 1.5 x 10" 2.8 x 10%° 20x10% 116 118 110 132
Mol 3 44.5 2.8 1.1 x 10%° 2.1 x 10" 6.0 x 10*° 23x10"% 145 151 140 171

Cry Ads 552 2.9 1.3 x 10" 2.8 x 10 12x10"°  26x10% 177 184 169 208

Mol 1 20.3 1.7 2.3 x 10'° 2.4 x 10" 2.8 x 10'° 1.1 x 10" 64 72 64 84

CH,OH Mol 2 35.9 1.8 47 x 10% 5.0 x 10%° 1.7 x 107 1.5 x 102 107 119 104 139
Mol 3 55.1 1.9 8.5 x 10'° 8.7 x 10™ 6.7 x 107 1.9x 102 158 175 151 206

CryAds  60.1 1.4 2.8 x 10% 9.6 x 10 93x 107  2.0x10% 174 188 162 221
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A. Vibrational partition function and the 6HRT factor

The difference between the immobile particle approximation
[Eq. (10), Tait et al.*’] and the full TST approach [Eq. (6)] is the
g5" term decomposed in Eq. (11).

In the present work, we relied on the vibrational harmonic fre-
quency calculation approximation. To verify if the surface phonons
play a not negligible contribution to the g5’ term and the impor-
tance of the six hindered rotations and translations (6HRT), we
calculated the vibrational frequencies on the periodic systems at
three levels: (i) the whole system (“Full”), (ii) the first coordi-
nation shell of the desorbed species (“Fragment,” described in
Appendix C), and (iii) the adsorbed molecule only, using for the
bare surface only its electronic energy (“6HRT”). In Fig. 1, the
q=T quantity is only presented for the crystalline (Cry) samples.
This analysis was not performed on the molecular samples due to the
2-layer ONIOM approach and the constraints applied to the geom-
etry optimization (fixing of a large part of the ice), which could bias

100
=
2 107 | E
< = 3
[ | emnnnns Full 1
{- | ==== Fragment 8
[ | == 6HRT h
102 I I I
0 50 100 150 200
T [K]
(a) Water
100 s
o
gg oty T =
< . |
[ | wmenens Full i
[~ | ====Fragment B
[ | == 6HRT 7
102 I I I
0 50 100 150 200
T [K]
(b) Ammonia
100 3
= RS
22 1071 | g E
< = 3
[ | emnnnns Full S 1
{- | ====Fragment S
[ | === 6HRT
10-2 I I I
0 50 100 150 200

T[K]
(c) Methanol

FIG. 1. Vibrational partition function ratio [left member of Eq. (11)] of water
(@), ammonia (b), and methanol (c) for the crystalline (Cry Ads) cases. “Full,”
“Fragment,” and “6HRT” stand for full and partial [first coordination sphere of
the desorbing molecule (“Fragment’) and desorbing molecule only (“6HRT”)]
vibrational frequencies calculations.
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this fine analysis. Looking at all the crystalline samples of Fig. 1, the
thermal correction to the g’5' is negligible at low temperatures, as
expected. At values close to the desorption temperature, the devi-
ation between vI4 and v/, is 2 orders of magnitude (methanol),
which, however, correslf)onds to a modest difference in the
Tpeak (12 K). The term g, (M ) was also studied, even if not pre-
sented in Fig. 1, and for all the cases it is always ~1, meaning that
the intramolecular vibrations of the adsorbed and isolated molecule
are never excited even at high temperatures, as expected due to
the absence of very small vibrational frequencies for the adopted
molecules (the lowest one being ~300 cm™ for methanol in the gas
phase).

As regards the calculation of vibrational frequencies per-
formed at the three levels, the 1/¢°#*" (6HRT) gives the same
results as the g5y calculated with a complete (“Full”) and par-
tial (“Fragment”) vibrational analysis. This means that surface
phonons do not have an important contribution to g%, but it is
enough to consider the partition function of the detaching molecule
only. Therefore, we can conclude that, even for systems where
the coupling between vibrational frequencies of the adsorbate and
the adsorbent is relevant, the calculations of g% are already
enough to ensure good accuracy. This is particularly important to
save computational resources because of the high cost of performing
a vibrational calculation on the full system.

B. Pre-exponential factor impact on TPD spectra

For each sample, the desorption rate was calculated with the
four different prefactor models discussed before: v/i2, [Eq. (6)], vidit
[Eq. (10), proposed by Tait et al®’], vurr [Eq. (3) proposed by
Hasegawa et al.”’], and Veampbell [EQ. (12) proposed by Campbell and
Sellers’]. The temperature peaks of simulated TPDs were calculated
according to Eq. (13), and the simulated TPD spectra are reported
in Figs. 2 and 3 for the molecular and periodic samples, respectively.
Table I summarizes the major parameters of Eq. (13).

As a general trend, the order of the different prefactors is

vib Tait
VHH < VCampbell < VST < VIST>
and, accordingly, the opposite for the Ty, i.e.,

TTait vib

Campbell
pmk<ka<T“mpe <1

eak peak

For all the computed species, the smallest prefactor is vy, which is
3-5 orders of magnitude lower than viar, which, as pointed out in
Sec. 11, represents an upper limit to the prefactor, as it relies on the

immobile particle approximation.” Vcampbell is 1-2 orders of mag-

nitude lower than vi&r (which agrees with the previous findings by

Tait et al.””), and the full TST approach (v}%;) stays in the middle;
depending on the sample, it can randomly collapse to the vier or the
Vcampbeni SOlutions. Considering the various approximations affect-
ing the prediction of the BE with the adopted icy models and the
limits in accuracy of the DFT theory, we believe that adopting either
v%? OF Veampben Tepresents the best cost-accuracy trade-off (with a
small difference on the T of at most 30 K) considering how easy
their evaluation is, free from expensive quantum mechanical calcu-

lations needed for the v/i%,.. In the supplementary material, we report
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the analysis of the different prefactors on CH4 and CH3OH adsorbed
on the MgO (100) surface, showing that v} correctly reproduces
the experimental results by Campbell and Sellers.’

The large discrepancy of vgy can be attributed to the fact that,
in contrast to the TST approach, it does not take into account the
rotational motions, whose moment of inertia increases with the
molecular size.”” Indeed, the deviation of vy and T;ﬁi with respect
to the other pre-factors notably increases for methanol.

Another general trend is that the stronger the binding energy,
the larger the discrepancy among the different methods for calculat-
ing the Tpeq, as can be graphically seen by the length of the curly
parenthesis of Fig. 2.

Finally, we want to highlight the effect of the f3 factor in the sim-
ulated TPD experiments. Lower s correspond to narrower peaks
and lower T'qk, and vice versa. Therefore, when 8 decreases, the dif-
ference in simulated TPDs using different prefactor models will be

===y Tait
VIST
....... vib
VST
===+ VCampbell
= VHH

-dN/dT [a.u.]

160 180 200 220 240 260
T [K]

(a) Water Mol

===y Tait
VST

....... vib
V1sT

===+ VCampbell

—— VHH

-dN/dT [a.u.]

60

T [K]
(b) Ammonia Mol

===y Tait
VIST

....... vib
VIsT

===+ VCampbell

= VHH

-dN/dT [a.u.]

60 80 100 120 140 160 180 200 220
T [K]
(c) Methanol Mol

FIG. 2. Simulated TPD spectra of molecular (Mol) samples of water (a), ammonia
(b), and methanol (c) (see Appendix C 1). The spectra are computed as first-order
desorption and heating rate 8 = 0.04 K/s and A = 10~'® m2. Each sample is
identified by the number above the curly bracket.
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minimized. This is expected at least for the TPD computed with v1&
and V2.

C. Desorption rate temperature dependencies

In computational astrochemistry, it is common to report the
BE corrected only for the ZPE without any thermal correction
(see Appendix A). This approximation makes sense when temper-
atures are very low, such as in cold molecular clouds (~10 K), but
at higher temperatures it may become non-negligible. Indeed, using
the samples described in Appendix C, we computed the thermal cor-
rections to the BE at the T'peq. For the majority of the cases, they are
in the range of 1.5-4 kJ/mol, representing ~5% of the total BE, which
is a lower contribution with respect to the ZPE (~20% of the BE),
but somehow important. We also studied the differences between
the full rigid rotor harmonic oscillator (RRHO) and quasi-RRHO
(q-RRHO) corrections to the BH(0). The discrepancy is always pos-
itive, meaning that ABH(T) (RRHO) is always larger than ABH(T)
(q-RRHO) and very small ~0-1 kJ/mol, below the typical desorption
temperature. Due to the low correction of g-RRHO with respect to
RRHO at our operating temperatures and the fact that -RRHO the-
ory was developed to correct enthalpies at higher temperatures, we
suggest, if needed, to use the normal RRHO to correct the BH(0). See
Appendix D for details.

In the majority of the simulated cases, the assumption of mod-
eling kge;(T) with Eq. (4), with v and the BH calculated at the Tpeq,
ie.,

(15)

Vi BH Tea
kdes(T) = VTSbT(Tpeuk) exp (—%),

describes with very good accuracy the desorption process. In fact,
as shown in the ABH(Tpeq) column of Table I, the thermal cor-
rections to the BH(0) remain constant in the 50-300 K range for
almost all the samples. On the other hand, the prefactor mostly
changes (one order of magnitude) in the 50-200 K range for all the
considered samples [see v¥§T(Tpeak) column in Table I for differ-
ent samples]. This behavior is mainly due to the importance of T
in the exponential factor of k4, (T), overcoming the thermal correc-
tion to the BH(0) and to the prefactor. In an experiment involving a
multilayer regime of ethane, Luna et al.”> experimentally found that
the prefactor depends on the temperature in a desorption mecha-
nism described by the Polanyi-Wigner equation, thus supporting
the above discussion.

To correctly estimate the dependence of ky,;(T) [Eq. (4)] on the
temperature, we relied on the three-parameter modified Arrhenius
equation proposed by Kooij’""* (as commonly used by the astro-
chemical community for fitting reaction rates in the gas phase),

Kooij py _ l)" (,L)
k.. (T) a(300 exp(-p ) (16)

where a, 7, and y are the fitting parameters, which represent the pre-
exponential factor, a corrective temperature dependent term to the
successful collisions of the pre-exponential factor, and the activa-
tion energy [in our case BH(T)], respectively. As one can see, for
1 = 0, the corrective term (%)’7 is equal to 1 and, accordingly, we
obtain the Arrhenius equation. By applying the same procedure as
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for Eq. (13), the temperature peak (Teq) is found by imposing the
second derivative of T equal to zero (d*N/dT? = 0), thus obtaining

T ( T\ y
A A
ﬁ“(soo) eXp( RT)

This equation can be easily solved with a numerical algorithm,
e.g., bisection or Newton. The fitting procedure can be applied to
whatever TPD spectrum to derive a posteriori the activation energy
(y, i.e., Eq) and the pre-exponential factor (a, i.e., v).

In Appendix E, we demonstrate the accuracy obtained when the
Arrhenius-Kooij equation is used to fit the desorption rate and also
the accuracy of Eq. (17) in the T calculation. Briefly, the com-
puted TPD confirms that the fitted rate closely matches the real one,
with Teqx differences below 1 K.

Y
17
R+;1 17)

IV. CONCLUSIONS

In this work, we study the importance of the pre-exponential
factor in the desorption rate of some astrochemical representa-
tive species (water, ammonia, and methanol) from interstellar icy
mantles by means of periodic and molecular DFT simulations.

Specifically, we show the effect of using different approaches to
calculate the prefactor, from the most used one in the astrochemical
community (vur ) to others that explicitly take into account the par-
tition functions or entropy of the involved species (vVTié’T, v%éf, and
Veampbelt)- As expected, for all the samples, either molecular or peri-
odic, vum leads to the typical values discussed in the introduction
(~10'?s7"), while v4%; and v1% may differ from 2 up to 5/6 orders of
magnitude. These differences largely affect the simulated TPD spec-
tra; typically, vyr and v%? always represent the upper and lower
limits on the range of desorption temperature, respectively. The dif-
ference in the T, adopting one approach or another spans from

140 150 160 170 180 190 200 210 220 230 240

T [K]

(d)

20 to 60 K, depending on the cases and experimental conditions.
According to our results, we can say that a more accurate upper
limit to the desorption temperature (i.e., a lower limit to the pref-
actor) is Veamppens Which reduces by a factor of 2-3 the error given

by vun. Therefore, our recommendation is to use v%’]{ and Veampbel
to obtain a minimal error to prefactor and desorption temperature;
this means that the theories developed by Tait and Campbell can
have a more general applicability than what has been demonstrated
so far, i.e., they work reasonably well even for H-bonded systems
(i.e., for “soft” surfaces, like molecular crystals), and not only for
van der Waals systems (i.e., for “hard” surfaces, i.e., metallic, metal
oxides, zeolites, etc.). In the case of prefactors estimated through-
out quantum mechanical simulations, we have demonstrated that

v can be calculated with very good accuracy only considering
the partition functions of the detaching molecule (1/¢%%"), even
for systems in which the coupling of the vibrational modes between
adsorbate/adsorbent is large, as in the present case. This means that
it is enough to calculate a small portion of the total Hessian matrix
of the system, thus saving a large part of the computational effort.
We also show how to easily implement temperature effects
in kinetic models through the Kooij—Arrhenius fitting of the
desorption rate, kgs(T), obtaining accurate values of desorption
temperature, activation energy, and pre-exponential factor.

SUPPLEMENTARY MATERIAL

In the supplementary material available online, we provide
additional information about the accuracy of the DFT method cho-
sen and about the surface modeling and relative convergence of
the binding energy. Moreover, prefactors and TPDs for CH, and
CH;3OH adsorbed on MgO (100) are calculated with all the models

in order to check the accuracy of v‘}’shT in comparison with vegmppen.
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the molecule hyperactive JSmol plugin (Jmol: an open-source
Java viewer for chemical structures in 3D*’). This extended
electronic version of the calculated structures is available at
https://tinaccil.github.io/Jmol_BE_prefactor_visualization/.

APPENDIX A: FORMALISM TO DERIVE
THE BINDING ENERGY

The equation adopted for the calculation of the BEs is
BE = -AE = Ejj + Eb} - E,, (A1)

where Ec is the energy of the complex and E™ the energies of the
isolated systems, with “ads” standing for the adsorbate and “srf” for
the surface. The BE of the complex is also corrected for the Basis Set
Superposition Error (BSSE),** if not already taken into account by
definition in the chosen method.

BE can be decomposed into the pure electronic interaction
(BEe) and the deformation energy (8E4e) contributions. The
BE. is given by

BE, = Byl + Eb/ — K, (A2)
where E;SZS/ /* and E:Sr;/ /% are the energies of the isolated adsorbate

and the grain at the geometry of the complex (iso//c). The total
deformation energy (8Eg.f) is defined as

Skay = (Bt —Ei) + (B -EY), 43

ads stf
SEY o 6Edef

where 6EZ’Z} and Sng are the deformation energies of the adsor-
bate and the surface, respectively. Eqef is therefore expected to be a
positive quantity, even if exceptions sometimes occur (for a detailed
discussion, please refer to Ref. 28).

In addition, vibrational frequencies are computed to obtain the
zero-point energies (ZPE), from which the AZPE results as

AZPE = ZPEgg, + ZPEL} — ZPE.. (A4)

Including all the above-mentioned contributions, Eq. (Al)
becomes

BH(0) = BE, - 8E4 + AZPE. (A5)

————
BE

If the thermal correction is taken into account, the BE at a given
temperature T is

BH(T) = BH(0) + 4RT + Hip (T) + H2 (T) - HI®(T),  (A6)
where the 4RT term (R is the ideal gas constant and T is the
temperature) comes from the classical rotational (3/2RT) and trans-
lational (3/2RT) contributions of the isolated adsorbate molecule
(non-linear in the selected cases) in the rigid rotor approximation,
and IRT comes from the volume work contribution to the enthalpy.
The H"™®(T) terms refer to the thermal contribution to the enthalpy
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without the ZPE already taken into account in Eq. (A5), which in the
case of a rigid rotor harmonic oscillator (RRHO) is

vi 6 h vifk
HR}EHO(T) =R Z #,
i exp (ks ’T) -1

where h is the Planck constant, kg is the Boltzmann constant, v is the
normal mode vibrational frequency, and N is the number of atoms
of the system.

The vibrational enthalpy [H"®(T)] can also be corrected as
proposed by Martin Head-Gordon’s group,”” where the rigid rotor-
harmonic oscillator approximation can be improved by treating
low-lying vibrational modes as free translational and rotational
modes via a quasi-RRHO (q-RRHO) model,

(A7)

vi 3N-6 hvi/k 1-w(v
HqERRHO(T) =R Z w(vi) P {1 L +T 2( ), (A8)
i X] (kB T) -1
where w(v;) is defined as follows:
1
D= — A9
) = T o)’ (49

and vo is the threshold frequency for considering the vibra-
tional modes as free translations and rotations (<vp) or harmonic

vibrations (>vo). In the present work, vy has been set to 100 cm ™

APPENDIX B: CAMPBELL PREFACTOR

Campbell et al.”'® demonstrated that, in the case of methanol
adsorbed on a Pt surface, the adoption of the harmonic oscillator
approximation could lead to significant deviations of the prefactor
from experimental values.'® Moreover, they found that the standard
entropies of the adsorbed molecules linearly depend on the entropy
of the gas-phase molecule at the same T, i.e., Sgas,‘ with the equation

Sad = 0.70Sg, — 3.3R. (B1)

The entropy of the transition state for desorption (Sig4) is iden-

tical to Sg,, at the same temperature,'*”

translational degree of freedom; therefore,

except for the missing

{e} (o} le}
STS,des = Sga: - Sgas,lD—tmns> (B2)

where Sgas’l D—trans fOr any gas can be easily computed using the
Sackur-Tetrode equation®’

0o 1 o ma % T %
Seas,\D—trans = 3 {SAr,298K +RIn [( - ) (m) :|}» (B3)

where my is the molar mass of the gas, my, is the molar mass of
the argon gas, and S3, sk is the entropy of Ar gas at 1 bar and
298 K (= 18.6R). Expressing the Polanyi-Wigner equation [Eq. (2)]
in terms of $75 4, and Sy gives™

T 8, =80
Vies = kBT exp (77"5,(18;2 ad ) (B4)
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Now, by substituting Egs. (B1) and (B2) into Eq. (B4), we obtain the
VCampbell>

+3.3—-

ksT 0.3085,,
VCampbcll = T exp R

_;[18.6+1n((:3)3(29§1<)?)]}. (85)

The Sgas can be readily obtained from standard thermodynamic
tables; in case of non-listed temperatures, it is also possible to
extrapolate them by means of the heat capacity.*

In this work, we propose a new simple way to interpolate the
Sgas without taking advantage of the heat capacity but keeping the

same accuracy. We calculated the Sgas values for the species in the
gas phase over the temperature range of 10-300 K using the B97-3¢
level of theory.”” The temperature dependence was then linearized
to determine the slope, enabling interpolation of Sgas values at other
temperatures, as shown in Fig. 4. This is also important when tab-
ulated values are not available at all temperatures, in particular at
the extremely low temperature conditions of cold astronomical envi-
ronments. Figure 4 shows the plot of the Sgas computed at different
T for CH30H, H,O0, and NH3. As illustrated, the data are perfectly
described by a linear fit for all the considered molecules, with a small
deviation observed just for the methanol case (R? = 0.9984). The fit-
ting equations used to interpolate the Sgas for the different species
are the following:

240 |-

220 ®H,0,R?=1
®NH;,R2=1
200 - | A CH;0H, R? = 0.9984

180 -

160 |-

+« [1/(mol-K)]

140 -

Se

120 |-
100 |-
80 |-

| |
1 1.5 2 2.5

Log;o(T) [K]

FIG. 4. Correlation plot between Sgas and the logarithm of the temperature for H, O,
NHj;, and CH3OH [Egs. (B6)-(B8) respectively].

TABLE Il Sgas values [in J/(mol K)] obtained at 298 K from experimental works=° and
using the fit obtained in this work [Egs. (B6)-(B8)].

Molecule Experimental Fitted Eq.
H,O 188.84 188.67 (B6)
NH; 192.77 192.02 (B7)
CH3;0H 240 235.24 (B8)
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Sees (H20) = 76.610g,,(T) - 0.82, (B6)
Seas(NH3) = 76.7log,(T) +2.2, (B7)
Seas(CH3OH) = 80.7log,(T) + 35.6. (B8)

The prediction accuracy can be tested by interpolating the value of
Sgas at 298 K and comparing it with the one reported experimen-
tally in the literature.”” As shown in Table 11, Sgas for H,O and NH;3
are in excellent agreement with the tabulated experimental data. On
the contrary, a slight discrepancy of ~5 J/(mol K) is observed for

TABLE lIl. Binding enthalpies of molecular (Mol) cases and their decomposition. All
values are in kd/mol.

Species Sample BH(0) BE. AZPE OFgef
Mol 1 30.9 45.3 -10.7 3.7
H,O0 Mol 2 44.6 71.7 -12.0 15.1
Mol 3 56.6 84.6 -15.1 12.9
Mol 1 24.3 57.8 -5.8 27.8
NH; Mol 2 34.1 54.1 -9.1 10.9
Mol 3 44.5 69.1 -10.8 13.9
Mol 1 20.3 31.8 -10.2 1.3
CH3;0H Mol 2 35.9 54.2 -84 9.9
Mol 3 55.1 75.3 -9.6 10.6

(a) H,O Mol 1.

(b) H,0 Mol 2. (c) H,O Mol 3.

ARTICLE pubs.aip.org/aipl/jcp

CH3OH. This small deviation can be attributed to the lower qual-
ity of the fit for CH;OH (R* = 0.9984) with respect to the other
molecules (R? = 1).

APPENDIX C: COMPUTATIONAL METHODS
AND MODELS

In the present work, two paradigms were used to simulate real-
istic and macroscopic water icy grain models: the cluster approach,
in which the ONIOM (Our own N-layered Integrated molecu-
lar Orbital and Molecular mechanics) procedure is exploited to
deal with large structures, and the periodic approach to simulate a
macroscopic crystalline surface.

1. Molecular calculations

The amorphous ice grain models for molecular calculations are
those containing 200 water molecules already used in Refs. 28 and
41, as well as a large part of the methodology, in particular with
regard to the ONIOM approach.”® Small modifications to the above-
mentioned references are the computational code and the DFT
method used to carry out geometry optimizations and frequency cal-
culations. Specifically, we relied on the ORCA program (v.5.0.2),"
which implements a full integration with the xTB code,"”** used for
the treatment of the low-level zone. The ONIOM boundary has been
set to 5 A with respect to the center of mass of the adsorbate, as
well as the fixing of the atomic positions. In other words, the high-
level method corresponds to the atoms being free to move, while the
low-level method corresponds to the atomic coordinates being fixed
during the optimization procedure. As regards the DFT high-level
method, the B97-3¢*’ functional was used, which already incorpo-
rates a very well-balanced basis set, without the need for any BSSE

(d) NH3 Mol 1. (¢) NH; Mol 2. (f) NH; Mol 3.

(g) CH30H Mol 1.

(h) CH30H Mol 2.

(i) CH30H Mol 3.

FIG. 5. Optimized geometries of the molecular (Mol) samples: water (a)—(c), ammonia (d)—(f), and methanol (g)—(i). The atoms in the ONIOM high-level zone are shown in
colors, while the ONIOM low-level zone is in gray. Atom color legend: oxygen in red, hydrogen in white, nitrogen in blue, and carbon in cyan. In subfigures (a), (b), and (c),

the oxygen of the desorbing water molecule is highlighted in orange.
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correction. The ONIOM energies were refined using the DLPNO-
CCSD(T)* coupled with the aug-cc-pVTZ* as the primary basis set
and the aug-cc-pVTZ/C" as the auxiliary basis set for the resolution
of identity (RI) approximation in electron repulsion integrals. “Tight
PNO” and “Tight SCF” settings were used in DLPNO-CCSD(T) cal-
culations. All the DLPNO-CCSD(T) calculations were corrected for
the BSSE using the counterpoise method.** As described in our pre-
viously published paper,” *"** every sample has its own reference
isolated surface obtained by deleting the adsorbed molecule in the
complex and then re-optimizing it. Frequency calculations were cal-
culated by numerical differentiation of the first analytical derivatives
using the center-difference formula (i.e., two displacements for each
atom in each direction).

a. Computed cases

Three adsorption sites were studied for three different
molecules: water, ammonia, and methanol. In Table IIT and in Fig. 5,
the energetic and structural features of these samples are presented.

2. Periodic calculations

Periodic calculations adopting the Ih proton ordered ice and
its surface models were carried out with the CRYSTAL17 code.””’
To be consistent with molecular calculations, the B97-3¢ method
was used.”’ The k-point grid was generated via the Monkhorst-Pack
scheme, and the shrinking factor was set to 6, for a total number of 21
independent k-points in the irreducible First Brillouin Zone (FBZ).
Tolerances of the integral calculation were decreased to 1077 (10~
default) for Coulomb overlap and Coulomb penetration in the direct

(a) Fragment for "Cry Ads" sample.

(b) Fragment for "H,O Cry Des"
sample.

FIG. 6. Orthogonal perspectives of the periodic cell of “Cry Ads” (a) (for the water
case) and “Cry Des” (b) samples. In blue, the water molecules are free to move in
the “Fragment” frequency calculations. Atom color legend: oxygen in red, hydrogen
in white.

(a) Water Cry Ads.

(b) Water Cry Des.
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space. The DFT integration grid was set to 99 radial points and 1454
angular points (XXLGRID) in a Lebedev scheme. The SCF toler-
ance on energy convergence was increased to 107" hartree. During
bulk geometry optimizations, both atomic positions and cell vectors
were relaxed, setting the tolerances for the convergence of the max-
imum allowed gradient and the maximum atomic displacement to
4 x 107" hartree/bohr and 12 x 10~ bohr, respectively. Frequency
calculations at the I'-point have been performed with the central-
difference formula (i.e., two displacements for each atom in each
Cartesian direction).

In order to obtain a more reliable vibrational correction of the
cohesive energy, phonon dispersion of the bulk structure was evalu-
ated by means of the supercell (2 x 2 x 2) approach (the shrinking
factor was accordingly reduced to 3), thus breaking the translational
symmetry and allowing for a larger sampling of the phonon modes
than in I'-point only.

To simulate the ice surface, the bulk structure was cut along the
[100] direction, ranging the thickness from 1 up to 4 layers, in order
to identify the minimum thickness that leads to converged surface
properties (see the supplementary material). The atomic coordinates
of the surface were set free to optimize, while cell parameters have
been fixed to the optimized bulk values.

Harmonic frequency calculations at the I'-point have been per-
formed for all the atoms (“Full”), while the “Fragment” model only
includes the first coordination shell of the water molecules closer to
the adsorbate (see Fig. 6). The aim is to compare the results obtained
from a full frequency calculation vs a smaller fragment, in terms of
the ZPE correction and the resulting partition functions, in order
to save a large part of the computational cost required by a full
frequency calculation. It is important to realize that the fragment
calculations include the energetic contribution of all atoms of the
whole system when computing the nuclei displacements of the frag-
ments and, therefore, the influence of the surroundings is taken into
account. Only the direct coupling between vibrational modes of the
fragment with the remaining ones of the system is ignored.

a. Computed cases

The molecules are the same as those used for molecular cal-
culations; however, on the crystalline surface in the case of water,
two different desorption processes were simulated: the first one
by removing the adsorbed water molecule on the (100) surface
[“Cry Ads,” see Fig. 7(a)], the second one by removing a molecule
from the bare (100) ice surface as cut out from the bulk [“Cry Des,”

(d) Methanol Cry Ads.

(c) Ammonia Cry Ads.

FIG. 7. Optimized geometries of the crystalline (Cry) ice samples with three different orthogonal perspectives of the periodic cell: water (a) and (b), ammonia (c), and
methanol (d). Atom color legend: oxygen in red, hydrogen in white, nitrogen in blue, and carbon in cyan.
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TABLE IV. Binding enthalpies of crystalline (Cry) samples and their decomposition.
All values are in kJ/mol.

APPENDIX D: VIBRATIONAL-ROTATIONAL PARTITION
FUNCTION FOR LOW FREQUENCY MODES

Species Sample BH(0) BE. AZPE OE et The results of the thermal correction as a function of temper-
Cry Ads 504 63.7 _134 59 ature for all the cases presented in Tables III and [V are shown in
H0 Cry Des 71.1 865  —153 157  Fig8 o , , ‘
NH; Cry Ads 552 67.5 123 75 As already said in the main text, thermal corrections at high
CH;0H Cry Ads 60.1 70.2 ~101 6.0 temperatures (close to the desorption, i.e., ~200 K) are not negligible

see Fig. 7(b)], the removed water molecule is highlighted in green).
In Table TV and in Fig. 7, the energetic and structural features of
these samples are presented.

Rendering of all the molecule images has been obtained via the
VMD software.”!

(up to 6 kJ/mol), depending on the temperature.

In Fig. 8, right panels, we also studied the differences
between full RRHO [Eq. (A7)] and q-RRHO [Eq. (A8)] correc-
tions to the BH(0). As one can see, the AABH(T) correction, i.e.,
ABH(T) (RRHO) — ABH(T) (q-RRHO), is very low at all studied
temperatures.

Moreover, using the same correction for low-frequency vibra-
tions of Eq. (A8) and the correction for the entropy proposed

I
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= ====Mol 2 =
g Mol 3 E
= ===+ Cry Ads 41 =
é =«+= Cry Des ..ul'"“"“gm =
= -,-'"'. t
T A -\,;;J-"""w‘ z
= e ¥ i 10 3
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| | | | | I | | | | 1
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T [K] T[K]

E £
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3 £
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= o
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(b)
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©

FIG. 8. Left panels: Thermal correction of BE [ABH(T) = BH(T) — BH(0)] as a function of the temperature [Eq. (A6)] for all the cases of Table |: water (a), ammonia
(b), and methanol (c). Right panels: vibrational enthalpy difference between the RRHO [Eq. (A7)] and quasi-RRHO [Eqg. (A8)] approaches, i.e., AABH(T) = ABH(T) (RRHO)
— ABH(T) (g-RRHO).
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FIG. 9. Vibrational partition function ratio [Eq. (11)] for methanol in the crystalline
(Cry Ads) case. “Full” and “Fragment” stand respectively for complete and des-
orbing molecule only vibrational frequencies calculations. gy and m—q,; are
calculated according to Egs. (9) and (D1).

by Pracht and Grimme,” we recalculate the vibrational partition
function,

m =y = T Cw(vi) qup(vi) + (1 - (%)) ge(vi),  (D1)

where w(v;) is the dumping function defined in Eq. (A9) and qrot (vi)
is the v; normal mode weighted rotational partition function, i.e.,

V8 ks T p(vi) Loy
N , D2
4ror (%) h \} p(vi) + Loy (b2)
where I,y is the average inertia tensor and u(v;) is equal to & 7]:1,‘.

In Fig. 9, the g7)" ratios for the desorption mechanism
[Eq. (11)] are shown using the two different ways to compute the
vibrational partition function, i.e., the standard approach [Eq. (9)]
and the corrected low motion modes for rotations [Eq. (D1), m—qyp,
in Fig. 9]. From the plot it is clear that the g’ calculated using
the m—q,;;, approach fails in reproducing the behavior for T — 0,
diverging from qyip.

Due to the above-mentioned results, i.e., the small differences
in the thermal correction and the divergence at low temperatures,
we suggest, if needed, using the normal RRHO to correct the BH(0).

APPENDIX E: KOOIJ-ARRHENIUS FITTING

In this section, we show the accuracy of the Kooij fitting
[Eq. (16)] to the desorption rate, taking as a test case the TPD spec-
trum of the water Mol 1 sample. This allows us to easily derive v(T)
and BH(T) a posteriori from the fitted TPD spectrum. Figure 10(a)
shows the ratio between the Kooij-Arrhenius fitting and the real
one: the ratio is close to 1 above 25 K, while at lower temper-
atures, it tends to diverge. This means that in the range of the
desorption temperatures, the fitting procedure is accurate. Indeed,
the overlap of the two numerical TPD spectra of Fig. 10(b) is very
good (taking the same conditions as those used for the TPD spec-
tra of Fig. 2); the difference in the resulting T'p.q between the two
approaches is less than 1 K. The fitting parameters, compared with

ARTICLE pubs.aip.org/aipl/jcp
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FIG. 10. (a) Desorption rates ratio between the full TST approach [kaes(T), Eq. (4)]
and the fitted one by the Kooij-Arrhenius equation [kg:s"” (T), Eq. (16)] as a func-
tion of the temperature. (b) Numerical TPD spectra computed as a first-order
desorption equation. The considered case is the water Mol 1 sample (Table |).

the pre-exponential factor and binding energy from Table I, are
a=13x10"s7" (v‘#é’T(Tpeak) =5.9-10" s7!) and y = 31.7 kJ/mol
[BH(T) = 33.8 kJ/mol].
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