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Solid H2O, both in the form of compact amorphous solid wa-
ter (c-ASW) and as crystalline ice, is the most abundant species
detected in solid phase in the ISM. In the densest regions of the
ISM, carbon monoxide (CO) freeze out can occur on the water
ice surface. Hydrogenation of CO by H atoms efficiently produces
CH3OH, which is one of the two most abundant simple organic
molecules in the solid state in the ISM along with CH4.46 In con-
trast, the presence in the icy mantles of complex ethers includ-
ing CH3CH2OCH2CH3 has not been confirmed. Solid state pho-
tochemical mechanisms in cold, dense gas and gas phase mecha-
nisms following ice evaporation in hot cores have both been pro-
posed.47 However, in the present situation, this molecule repre-
sents a convenient system to investigate weak non-covalent in-
teractions with the π-electron density of C6H6 while keeping a
logical continuity with H2O and CH3OH.

The interaction between C6H6 and ASW ice surfaces has been
studied with vibrational spectroscopy,48 time-of-flight secondary
ion mass spectrometry,49 metastable impact electron spec-
troscopy,50 and temperature programmed desorption (TPD).51

However, as far as we are aware, there are no studies of C6H6

adsorption on CH3OH or CH3CH2OCH2CH3 surfaces under ultra-
high vacuum (UHV) conditions.

In this paper, we present data for C6H6 adsorbed on top of a
thick ice of CH3OH or CH3CH2OCH2CH3. This work is a pre-
requisite to a full investigation of the role of hydrogen bonding
in enabling the transfer of electronic excitation to interfaces pro-
moting desorption in astrophysical solids subject to cosmic ray
interactions extending our previous work on the C6H6/H2O sys-
tem.28,29,52

2 Methods

2.1 Experimental

The experiments discussed here were performed in a stain-
less steel UHV chamber that has been described in detail else-
where.51,53 A combination of liquid-nitrogen-trapped diffusion
pumps and a titanium sublimation pump allows to reach a base
pressure in the chamber of 2 < 10−10 Torr at room temperature.
The substrate is a polished stainless steel disk cooled by a liq-
uid nitrogen in a reservoir in thermal contact with the sample
mount giving a base temperature of 109 ± 2 K. The substrate was
resistively heated to 500 K for 15 minutes to remove volatile con-
taminants before cooling prior to conducting experiments each
day. A K-type thermocouple, welded to the edge of the disk, was
employed for temperature monitoring with a precision of 0.5 K.
Layered ices were obtained by sequential background deposition
using C6H6 (Fluka 99.5% pure), CH3OH (Sigma-Aldrich, HPLC
grade 99.9% pure), or CH3CH2OCH2CH3 (Sigma-Aldrich ,Chro-
masolv grade 99.9% pure). All the chemicals were stored in sepa-
rate glass vials and were further purified by several freeze-pump-
thaw cycles before use. Cross-contamination was minimised by

collecting the vapour phase from the liquids using two indepen-
dent manifolds each interfaced to its own dedicated fine-control
leak valve (Vacuum Generators MD95). Exposure is reported in
Langmuir units (1 L = 10−6 Torr s). Film thickness (d) can be
estimated from:

d =
SPt√

2πmkBT

1

ρs
=

ZW t

ρs
(1)

where S is the sticking coefficient assumed to be 1, P is the pres-
sure recorded on the hot cathode ion gauge corrected for the
approximate molecular ionisation efficiencies§,54–57 t is the time
of exposure, kB is the Boltzmann constant, T is the temperature
for the dosed molecules, ZW is the bombardment rate (the inci-
dent flux), ρS is the molecular volume density and m is the mass.
In the expression, we first define the number of molecules de-
posited onto the substrate (molecules per unit of surface area)
during the dose and then divide this by the density (molecules
per unit of volume). In particular, we assumed that the densities
of the molecular solids are 1.91×1022 molecule cm−3, 5.80×1021

molecule cm−3, and 8.57 × 1021 molecule cm−3 for CH3OH,58

CH3CH2OCH2CH3,
¶ and C6H6

59 respectively.
Desorption of the species, during linear heating in TPD experi-

ments, was followed by a crossed-beam source, quadrupole mass
spectrometer (VG Microtech PC300D, further modified by Euro-
pean Spectrometry Systems) with a homemade line-of-sight tube
facing the front of the sample. RAIR spectra were recorded using
an FTIR spectrometer (Nicolet 870) with the co-addition of 1024
scans at a resolution of 2 cm−1.

2.2 Computational Details

All calculations, including the evaluation of the equilibrium ge-
ometries, single points (SP), and vibrational frequency analysis
were performed using Gaussian 0960 thanks to the EPSRC UK
National Service for Computational Chemistry Software (NSCCS)
at Imperial College London. All the systems were optimised, with
no symmetry constrains, using the Møller-Plesset second order
approach (MP2)61,62 with a Dunning’s augmented correlation-
consistent polarised valance double-zeta basis set (aug-cc-pVDZ)
followed by a single point (SP) calculation employing the aug-
cc-pVTZ basis set.63–65 Further corrections for higher-order cor-
relations beyond the MP2 method were considered with SP cal-
culations using singles and doubles coupled cluster theory with
perturbative treatment of triple excitations, CCSD(T), for all the
two-molecule complexes. The correction energy term, ∆CCSD(T),
was calculated from the difference of SP energies at CCSD(T)/cc-
pVDZ and MP2/cc-pVDZ level assuming this to be independent
on the basis set size37,66 and reducing the computational cost. In

§ 1.87 for CH3OH, 5.1 for CH3CH2OCH2CH3, and 6.0 for C6H6

¶ Density of the liquid phase, Sigma-Aldrich
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contrast, due to the steep scaling of coupled-cluster methods the
systems with more than two molecules where only investigated
using MP2 perturbation theory as detailed above. Basis set super-
position error (BSSE) corrections were made using the function
counterpoise (CP) method67,68 for all the calculations.

The systems investigated are two-molecule complexes or larger
clusters. In the latter case, CH3OCH3 was used instead of
CH3CH2OCH2CH3 in order to simplify the calculations by reduc-
ing the number of degrees of freedom and the CPU cost while re-
taining the type of interactions existing between the larger ether
and the aromatic molecule. Ab initio calculations were performed
only for selected configurations for clusters containing more than
two molecules. Molecules were visualised using Molden 5.1.69

Finally, harmonic vibrational frequency analysis was performed
at MP2/6-31G(d,p) level for each of the optimised structures. No
imaginary frequencies were found, and hence all the computed
complexes can be regarded as minima and not saddle points with
respect to the employed theoretical approach.

3 Results and Discussion

We first present data from TPD and reflection-absorption infrared
(RAIR) measurements of C6H6 adsorbed on top of a thick ice of
CH3OH or CH3CH2OCH2CH3. The analysis of TPD traces pro-
vides an insight into the C6H6 film growth mechanism and allows
us to estimate the adsorption energy at sub-monolayer coverages.
RAIR spectroscopy was employed to provide a qualitative descrip-
tion about the interactions established at the interface. Compari-
son with previously published work on C6H6 on c-ASW is made.

In addition, we have performed quantum mechanical (QM) cal-
culations to provide for a consistent analysis on simple systems
that has the sole scope of highlighting the type of intermolecular
forces in play, confirming the energetics and the trends observed
experimentally in the solid phase. This comparison can be some-
how justified on the basis that the assembly and the aggregation
of hydrophobic units (e.g. C6H6 in H2O) is driven enthalpically
for large clusters,10,70–73 and hence the interplay at the equi-
librium between the possible intermolecular interactions in com-
plexes containing few molecules (calculations) can be translated
to macroscopic systems (experiments).

We first present a systematic analysis of simple two-molecule
complexes of C6H6-H2O, C6H6-CH3OH, C6H6-CH3OCH3 and
C6H6-CH3CH2OCH2CH3. Then, the fundamental interactions ex-
isting between the two species are explored in larger clusters
comprising three or four molecules. Previous studies have re-
ported the main equilibrium arrangements for C6H6 with several
molecules of H2O or CH3OH.11,31–34,74 However, the value of
the current analysis lies in the consistency of the level of the-
ory used for all the investigated systems, and the addition of
studies on C6H6-CH3CH2OCH2CH3 and C6H6-(CH3OCH3)2 clus-
ters that have not been reported as to date. Clearly, the C6H6-

CH3CH2OCH2CH3 system is the most challenging complex to de-
scribe, thus it sets the minimum level of theory that guarantees
consistency, and a satisfactory accuracy to model the intermolec-
ular interactions. Amicangelo et al.37 successfully investigated
the analogous complex of C6H6 with the simpler CH3OCH3 and
so we have based our calculations on a similar level of theory and
method.

3.1 TPD and RAIRS of C6H6/CH3OH

Fig. 1 displays the TPD data corresponding to very low exposures
of C6H6 on a thick film of CH3OH (15.2 nm). It is important
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Fig. 1 TPD traces for C6H6 desorption from a thick ice of CH3OH (200

L). C6H6 exposures displayed are 0.01 L in green, 0.02 L in orange, 0.05

L in brown, 0.1 L in black, 0.2 L in red, 0.5 L in dark yellow. There are

three distinctive features: a low temperature peak (A), a high

temperature peak (B) and a shoulder (C). The inset highlights the lower

coverages TPD traces up to 0.1 L and includes the scaled desorption

profile of CH3OH (in blue).

to stress that all the C6H6 TPD data correspond to coverages in
the sub-monolayer regime, up to 5×10−2 equivalent monolayers
(ML)∗. Three distinctive peaks can be observed: a low tempera-
ture peak (A) between 140 K and 155 K, a high temperature peak
(B) between 160 K and 170 K and a shoulder (C) above 170 K
that is already saturated at 0.01 L as highlighted in the inset. The
feature labelled as C displays a striking match with the falling
edge of the CH3OH TPD trace, and hence, can be explained as co-
desorption of C6H6 with CH3OH. The interpretation of the two
main peaks is not as straightforward because of the intrinsic com-
plexity of the system that resulted in little reproducibility of the
data. In fact, these two peaks seem to compete with each other

∗See ESI† for conversion of Langmuirs to monolayers
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displaying unpredictable outcomes such as the dominance of peak
A over the peak B and vice versa with no clear dependence on the
coverage and experimental conditions. It should be noted that
occasional variation of heating ramp cannot explain the data. We
encourage the reader to look at the ESI† for a detailed description
of this phenomenon.

In order to address the apparent lack of reproducibility of the
data and obtain a consistent set of TPD traces (Fig. 1), a large
number of experiments and replications were, in fact, required.
Noting that CH3OH desorption is negligible up to 150 K, peak
A displays kinetics close to zero-order having almost coincident
leading edges and with its maximum shifting towards higher tem-
peratures with increasing exposure. This peak hints to a weak
C6H6/CH3OH interaction. A nearly zero-order kinetics implies
that the desorption rate does not depend on the C6H6 dose and
that the interactions between the adsorbates are enthalpically
favoured. Given the very low exposures reported in Fig. 1, less
than an equivalent monolayer, the observed behaviour suggests
that island formations, and hence dewetting of the CH3OH sub-
strate is already important at such low coverages. This kind of ob-
served desorption behaviour is somewhat reminiscent of previous
TPD data for C6H6 on compact ASW51 where deviation from first
order kinetics are observed. This also suggests a similar growth
mechanism, such as island formation, and supporting the idea
that small amounts of C6H6 exhibit some degree of interaction
with the underlying H2O and CH3OH surface.

Peak B develops in a different and more dynamic scenario:
CH3OH desorption is no longer negligible and, as the underly-
ing ice sublimes, structural rearrangements (e.g. reorientation of
a CH3OH molecule at the C6H6 interface) might lead to more ef-
fective interactions with the adsorbed C6H6. Therefore, the high
temperature peak is assigned to C6H6 molecules that are strongly
physisorbed to the CH3OH substrate. However, this process es-
tablishing stronger interaction between C6H6 and CH3OH is not
the sole process occurring at this stage. Other phenomena such as
the diffusion of C6H6 into the underlayer, and mixing might occur
while both C6H6 and CH3OH desorb. To summarise, a competi-
tion between several processes is observed:

1. Desorption of C6H6 from weak physisorption sites of the
CH3OH ice (peak A).

2. Rearrangement of the CH3OH underlayer as the tempera-
ture increases leading to phase transitions and establishing
stronger interactions with the C6H6.

3. Desorption of bulk CH3OH.

4. Desorption of C6H6 more strongly bound to the CH3OH as
suggested by the peak above 150 K following a kinetics close
to first-order (peak B).

5. Co-desorption of CH3OH and C6H6 (peak C).

It is desirable to estimate the desorption energy, Edes, associ-
ated to peaks A and B in Fig. 1. The TPD traces from 0.02 L
to 0.5 L were chosen as most appropriate for the leading edge
analysis (LEA) of peak A allowing a semi-quantitative estimate
of the corresponding desorption energy as 21± 2 kJ mol−1 (see
ESI† for details). It should be stressed that the temperature range
of interest for the LEA partially overlaps with a particular area
of the TPD plot where the acquired signal is the sum of the sig-
nal coming from the sample mounting and the substrate itself.
Deconvolving the latter from the former, may have altered the
desorption profile at low temperatures, where the leading edge
analysis is most sensitive, and hence undermined the accuracy of
our estimate (ESI†).

Since the experimental traces show no clear leading edges for
peak B, the estimate of the desorption energy corresponding to
this feature was obtained using the Redhead equation,75 assum-
ing first-order kinetics and that the activation parameters are in-
dependent of surface coverage:

Edes = RTmax ×
[

ln

(

ν1Tmax

β

)

−3.64

]

(2)

where , Edes is the desorption energy in J mol−1, R is the gas
constant in J K−1 mol−1, β is the heating rate (1.5 K s−1), and
ν1 is the pre-exponential factor (1012-1013 s−1) for a first-order
desorption. The peak temperature, Tmax, was set as 162.3 ± 0.8
K by averaging the experimental values found for multiple sets
of TPD curves (14 traces in total). This analysis yields a lower
limit of 39± 1 kJ mol−1 and an upper limit of 42± 1 kJ mol−1

defining a range of values for the desorption energy of peak B
(see ESI† for details), which is consistent with the desorption
energy (41 ± 0.5 kJ mol−1) estimated for C6H6 on ASW at
similar exposures51. In this case, the authors suggest that the
aromatic ring is hydrogen bonded at the ASW interface via

dangling OH groups. If similar interactions were to exist between
C6H6 and CH3OH (peak B), then a significant rearrangement of
the CH3OH ice structure would be required. In solid CH3OH, the
molecules are connected with each other by forming a chain-like
structure via the OH groups.76 During C6H6 adsorption, energy
must be used to break the CH3OH hydrogen-bonding network
and re-orientate a surface CH3OH to present a pendant OH
group to which the aromatic π system can hydrogen bond. This
process will then be enhanced while heating the substrate during
the TPD itself. In contrast, the interaction leading to peak A is
due to C6H6 molecules interacting with the substrate where no
re-structuring of the surface has occurred.

RAIR spectra of C6H6 adsorbed on CH3OH were collected in
order to gain a further insight about the interactions established
at the C6H6/CH3OH interface. Coverage dependent IR experi-
ments probe the change of the C6H6 binding to the chemical
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surrounding environment by looking at the evolution of vibra-
tional modes going from the monolayer towards the multilayer.
As these data are acquired isothermally at base temperature (<
110 K) significant structural changes of the CH3OH underlayer
are not expected and the low exposures of C6H6 employed should
not impact on the ice morphology. The multilayer spectrum of
200 L of CH3OH (see ESI†) is consistent with previously reported
data,77 and with the film being mainly amorphous. Coverage
dependent RAIR spectra are shown in Fig. 2 where the focus
is brought exclusively onto the CC aromatic stretching mode,
ν(CC)aromatic, of C6H6 as the overlayer evolves from the sub-
monolayer regime, panel a), to the multilayer, panel b). These
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Fig. 2 RAIR spectra of C6H6 on thick CH3OH film (200 L) at increasing

coverages in the frequency range of interest to highlight the the CC

aromatic stretching mode, ν(CC)aromatic at low surface concentrations, in

panel a), and at high coverages, in panel b). Spectra have been offset

for clarity and subtracted from the pure CH3OH background. C6H6

coverages are: 0. 1 L, 0.2 L, 0.5 L, (with a colour pattern consistent with

the TPD traces), 1 L (in violet) 2 L (in pink) and 5L (in dark grey); the

spectra relative to higher doses (10 L, 20 L, 50 L, and 100 L) are

reported in black lines in the lower panels.

spectra were subtracted with respect to the underlying CH3OH
background as to highlight the CC aromatic stretching mode,
ν(CC)aromatic, of C6H6. Although we were able to detect the in-
plane (i.p) bending mode, δ(CH) i.p., at C6H6 exposures as low
as 0.2 L the peak shape is affected by small but noticeable vari-
ations in the CO stretching mode of the underlying ice as more
C6H6 is dosed. Other normal modes could not be detected un-
til higher coverages were investigated (≥ 5 L), and display peak
maxima that are consistent with previously reported data of solid
bulk C6H6.† 78–80 Conveniently, both the above mentioned C6H6

bending and stretching modes are equally sensitive to any vari-
ation of the aromaticity of the ring structure, and hence we can
simply focus on the evolution CC aromatic stretch while increas-
ing the C6H6 dose in order to allow a direct comparison with TPD
data.

A rather broad distribution can be observed within the mono-
layer regime and below, for exposures as low as 0.2 L - 0.5 L
as displayed in the series of IR spectra in Fig. 2a. The CC aro-
matic stretch mode spans over a wide range of wavenumbers
(ν(CC)aromatic: 1465 - 1485 cm−1) with a clearly discernible low

frequency shoulder. These findings are consistent with the TPD
results where, in a sub-monolayer regime, C6H6 seem to be in-
volved in at least two different types of interactions (weak and
strong) with the CH3OH ice. The shape of the bands at low cover-
ages in the RAIR spectra suggests the existence of multiple chem-
ical environments, and hence possible interactions that perturb
the aromaticity in the ring bonds causing the IR signatures to be
broad and shifted with respect to the gas phase C6H6 molecule
and the peak maximum of the bulk C6H6 (Fig. 2b). Precisely, the
stretching mode displays a well-defined double peak centered at
1479 cm−1 and 1475 cm−1 at relatively high C6H6 exposures (≥
2 L), while this is rather flat over a wider range of frequencies up
to 1 L (Fig. 2a).

3.2 TPD and RAIRS of C6H6/CH3CH2OCH2CH3

The layered binary ice comprised of C6H6 on CH3CH2OCH2CH3

cannot be effectively investigated by means of TPD.
CH3CH2OCH2CH3 is more volatile than the aromatic species,
therefore we observed that the C6H6 TPD peaks are largely
shaped by the co-desorption with the underlayer as displayed
by the striking match of the maximum and the falling edge
between the desorption signal of the two species. The TPD data
corresponding to very low exposures of C6H6 on a thick film of
CH3CH2OCH2CH3 are displayed in Fig. 3. The low-temperature
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Fig. 3 TPD traces for C6H6 desorption from a thick ice of

CH3CH2OCH2CH3 (200 L). C6H6 exposures displayed are 0.01 L in

green, 0.02 L in orange, 0.05 L in brown, 0.1 L in black, 0.2 L in red, 0.5

L in dark yellow. The dashed curve represents the scaled desorption

profile of CH3CH2OCH2CH3. The high temperature peak that is clearly

distinctive in the 0.5 L trace is C6H6 desorbing from the stainless-steel

substrate. The increase in the signal below 125 K, highlighted by the ∗
symbol, is due to undesired desorption of C6H6 from the sample

mounting.

peak can be explained as C6H6 mixing with the underlayer
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to subsequently desorb along with it as the ice temperature is
increased, while the high temperature feature that emerges at
exposures above 0.2 L of C6H6 can be readily assigned to C6H6

desorption from the metal substrate.

In contrast to the C6H6/CH3OH system, the feature corre-
sponding to the co-desorption of C6H6 and CH3CH2OCH2CH3

does not saturate in the range of exposures investigated (0.01
L - 0.5 L; 10−3 ML - 5 × 10−2 ML). In fact, the growth in the
peak intensity as a function of the C6H6 coverage is somewhat
reminiscent of first order desorption kinetics. Therefore, we
could tentatively estimate the corresponding desorption energy
using eqn (2) and choosing 143 ± 2 K as temperature of the peak
maximum. Precisely, this value corresponds to the maximum for
the two 0.01 L and 0.02 L traces where the trailing edge decays
less abruptly. The remaining parameters are β , which was set as
0.6 K s−1 in agreement with the experimental conditions, and
the pre-exponential, that was assumed to be 1012 s−1 as typical
for a physisorbed species. It follows that Edes is 35 ± 1 kJ mol−1.
It should be stressed that such value is purely indicative though
it is consistent with the desorption energy of CH3CH2OCH2CH3

on C6H6 as detailed below.

In order to investigate the behaviour of this interfacial system
in a more rigorous manner, an additional set of experiments was
required which consisted of depositing sub-monolayer coverages
of CH3CH2OCH2CH3 on a thick C6H6 film (200 L, ∼7 nm). This
is shown in panel (i) of Fig. 4, where the TPD traces for (0.05 L,
0.1 L, 0.2 L, 0.5 L) CH3CH2OCH2CH3 from C6H6 are displayed.
The heating ramp, β , was set as 0.80 ± 0.04 K s−1. The mul-
tilayer peak begins to appear between 2 L and 5 L (ESI†). The
initial sharp spike in the data (at T ∼ 115 K) is an undesired sig-
nal from the sample mounting, while the most intense peak at
higher temperatures is the targeted desorption peak. However,
this does not decay completely to zero as the CH3CH2OCH2CH3

mixes with the underlying C6H6 during heating, which results in
a broad and complex rise of the desorption signal that truncates
when all the C6H6 is desorbed. This is similar to our observations
on the C6H6/CH3OH system, and although not open to quantita-
tive analysis, it can be regarded as an evidence for dissolution of
the adsorbate in the C6H6 matrix.

The main peak below 140 K is clearly convolved with the other
two features. However, it remains the most informative about
the CH3CH2OCH2CH3C6H6 interaction at the interface. In order
to isolate this peak, the initial spike was subtracted from each
curve. The resulting function was fitted with a convenient num-
ber of Gaussians, in order to accurately reproduce the overall
trace as closely as possible, and allowing us to isolate the main
TPD feature of interest. The results are consistent with first order
desorption kinetics modulated by a distribution of binding ener-
gies. This clearly points to CH3CH2OCH2CH3 wetting the C6H6
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Fig. 4 Panel (i) displays the raw TPD data (in black lines) of 0.05 L, 0.1

L, 0.2 L, 0.5 L and 1 L of CH3CH2OCH2CH3 from 200 L of C6H6. The

feature corresponding to the desorption of CH3CH2OCH2CH3 from the

icy substrate is highlighted in red after subtraction of both the desorption

signal from the sample mounting and the co-desorption with C6H6. The

resulting traces were employed to derive, through inversion of the

Polanyi-Wigner equation, the curves of the desorption energy, Edes, as a

function of the surface concentration. This is shown in Panel (ii), where

the average value of 33 kJ mol−1 was found.

surface. An alternative interpretation of the data in Fig. 4 assum-
ing second order behaviour would imply dissociative adsorption
and subsequent associative desorption. With a non-metallic in-
terface, such as solid C6H6, this possibility can be discarded for
physisorbed species such as CH3CH2OCH2CH3. Deviation from
first-order behaviour with the high temperature tail have been
previously reported for C6H6 on silica (SiO2) by Thrower et al.51

and many smaller molecules on SiO2 and H2O ice surfaces.81–84

The coverage dependence of the interactions can therefore be ex-
plained in terms of (1) distribution of binding sites and/or (2)
lateral repulsion between two neighbouring adsorbates.

Assuming first order kinetics, the deconvolved TPD traces can
be used to give a semi-quantitative estimate of Edes. However,
despite the good agreement with the experimental traces shown
in Fig 4, care must be taken in interpreting quantitatively the
data given the manipulations described. An expression of the des-
orption energy as a function of the surface concentration at time
t, Nads(t), was obtained from the inversion82,85 of the Polanyi-
Wigner equation, eqn (3a), as follows:

rdes =−
dNads

dt
=

ν1Nads

β
e−

Edes
RT (3a)

Edes =−RT × ln

(

rdesβ

ν1Nads(t)

)

(3b)
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where ν1 is the pre-exponential factor for a first order desorp-
tion and was set to be 1012 s−1, which is typical of physisorbed
species.86 However a value of 1013 s−1, as for peak B in Fig. 1,
was also tested. The initial surface coverage was estimated as
per eqn (1) without dividing by the density ρS. and the resulting
value was employed to normalise the signal at the mass spectrom-
eter. This allows us to calculate Nads(t) at each time t of the TPD
by subtracting the partially integrated peak area to the initial sur-
face concentration.

The resulting curves are shown in panel (ii) of Fig. 4. The
unusual behaviour at low coverages for the curves at 0.5 L and 1
L of CH3CH2OCH2CH3 with respect to the remaining functions
can be attributed to complications arising from mixing at high
temperatures and an ill-defined fit of the trailing and leading
edges in the TPD. Nevertheless, the results of this analysis indi-
cate the presence of a small distribution of desorption energies,
with a mean value of 33.0 ± 1.0 kJ mol−1 (if ν1 = 1013 s−1, Edes

= 35.5 ± 1.0 kJ mol−1), corresponding to the plateau defined
by the calculated curves. This result nicely matches the tentative
estimate of the desorption energy found for the low temperature
peak in Fig. 3 (35 ± 1 kJ mol−1) and the value obtained for
the second layer of CH3CH2OCH2CH3 on amorphous silica (35
- 32 kJ mol−1).87,88 Although the energetics at the interface
of C6H6/CH3CH2OCH2CH3 ices should be regarded only as
indicative, it can be concluded at least qualitatively that the C6H6

interface behaves with respect to the adsorbate as a surrogate
of CH3CH2OCH2CH3 first layer. The semi-quantitative analysis
of the TPD data suggests that C6H6 and CH3CH2OCH2CH3 are
very much alike, thus easily mix, and that the inter-species
interactions are similar to those established in the pure solids.

In contrast to TPD experiments, RAIR spectra of C6H6 on
CH3CH2OCH2CH3 at ca. 107 K present no obvious complica-
tions.¶ Direct comparison with the results from the analogous
studies on C6H6/CH3OH (Fig. 2) and C6H6/H2O29 is then pos-
sible. Focusing on the low C6H6 surface concentrations, all the
characteristic C6H6 bands appear as transitioning towards the
multilayer regime between 5 L and 20 L (see ESI†), with peak
maxima in agreement with the reported values for relatively thick
ices of C6H6 on CH3OH (this work), on amorphous silica,78 on
Si(111),79 and Al.80 Only the ring CC stretch, ν(CC)aromatic, was
detected at low C6H6 exposures as shown in Fig 5a. Starting from
1 L up to higher doses, a sharp peak at 1479 cm−1 with a shoul-
der at 1475 cm−1 clearly grows from the background. It is no-
ticeable that this vibrational mode exhibits a narrow line profile
over the 1473 - 1481 cm−1 range. This clearly contrasts with
C6H6 on CH3OH, where this band spans over a wider range of

¶ The RAIR spectrum of the pure thick film of CH3CH2OCH2CH3 is discussed in the
ESI†.

!"!# !"## !$%# !$&# !$'# !$(#

#)###

#)##*

#)##$

#)##(

+,Q-..,
+/01+234

!

!

50
6
!
#
-'
7
87

#
,

9+:;<=1>;/?@8@41
A!

!"!# !"## !$%# !$&# !$'# !$(#

#)##

#)#"

#)!#

*+
,
!
#
-'
.
/.

#
0

10Q-220
34+53678

!

!

93:;<=51;4>?/?85
@!

Fig. 5 RAIR spectra of C6H6 on thick CH3CH2OCH2CH3 film (200 L) at

increasing C6H6 coverages in the frequency range of interest to highlight

the CC aromatic stretching mode, ν(CC)aromatic at low surface

concentrations, in panels a), and at high coverages, in panel b). Spectra

have been offset for clarity and subtracted from the pure

CH3CH2OCH2CH3 background. C6H6 exposures are: 0. 1 L (in black),

0.2 L (in red), 0.5 L (in dark yellow), 1 L (in violet), 2 L (in pink) and 5L

(in dark grey); 10 L, 20 L, 50 L, 100 L, and 200 L (which are reported in

black lines).

wavenumbers (1465 - 1485 cm−1) at equivalent exposures. In-
deed only above 5 L (Fig. 5b), does the band profile becomes
similar, although not identical, for both the binary layered sys-
tems C6H6/CH3OH and C6H6/CH3CH2OCH2CH3.

The RAIR results are in agreement with the TPD analysis in the
previous paragraphs; C6H6 has an affinity for CH3CH2OCH2CH3,
and hence de-wetting of CH3CH2OCH2CH3 from C6H6 does not
occur. The changes in the thermodynamics (Edes and multibody
interactions) at the interface of the layered system are not as
marked as no band frequency significant shifts are detectable in
the series of RAIR spectra as the C6H6 film grows. Conversely, a
CH3OH substrate offers a more variegated interface to the C6H6,
allowing this to be strongly hydrogen bonded to OH groups, or
interact with weak adsorption sites, via the CH3 groups and the
O-atoms, as displayed by the TPD data and by the broad width
of the aromatic CC stretch. An additional comparison can be
made with C6H6 on thick ASW. There island formation is the
dominant process, but hydrogen bonding interactions between
the π-system of the C6H6 ring and H2O molecules, via dangling
OH groups, are indicated to be responsible of the binding at the
interface29,51 with some evidence of small bathochromic shifts in
peak position of the aromatic CC stretch from that of bulk C6H6.

3.3 Calculations and comparison with C6H6/H2O

An accurate and detailed description of the investigated systems
modelling hundreds of molecules is beyond the scope of this work
and not feasible at the level of theory employed in this work. We
chose to perform relatively high level QM calculations to carry
out a consistent analysis on simple complexes of two species and
small clusters of three, four molecules, in order to highlight the
type of intermolecular forces in play and to confirm the thermo-
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of C6H6 (eclipsed conformer) or can be perpendicular to it (stag-
gered). Previous work on CH3OCH3 and C6H6 found that the
difference in the binding energy between the staggered and the
eclipsed orientations is negligible, less than 0.1 kJ mol−1.37 On
the other hand a drastic change is seen when the O atom is point-
ing away or towards the C6H6, with E∗ changing from 9.0 to 3.2
kJ mol−1. Since CH3CH2OCH2CH3 is expected to interact with
C6H6 in a similar way as its smaller analogue does, we chose to
focus only on the more energetically stable complex, de1b′ in Fig.
6. In conclusion, all the structures are stabilised by hydrogen-
bond interactions ranging between 16.8 and 6.7 kJ mol−1 (19.2
and 7.0 kJ mol−1 at MP2 level), as displayed in Table 1, with
values sometimes close to the lowest minima of the C6H6 dimer
corresponding to 13.5 and 18.1 kJ mol−1 which were calculated
at the same level of theory (MP2/aug-cc-pVTZ)].90 The second of
the binding energies estimated for (C6H6)2 is larger than all those
calculated for all the pairs with H2O. Therefore, on the basis of the
investigation of these simple, two-molecule systems, C6H6-C6H6

interactions are more favourable than the hydrogen bonding in
H2O-C6H6 which is in agreement with the TPD data of Thrower et

al.51 that display C6H6 de-wetting of the ASW surface. However,
the local minimum of (C6H6)2 is comparable to the global mini-
mum of the H2O-C6H6 complex indicating that hydrogen bonding
between the two species can be observed.29,51

The CH3OH case is less straightforward, but there is no doubt
that complex m1b′ has similar energetics to the C6H6 dimer. The
α phase of solid CH3OH presents a film structure made of long
chains of hydrogen-bonded molecules leaving no terminal OH at
the vacuum interface.76 It follows that a C6H6 molecule would
initially interact in a similar fashion as for the structure m1b′′. In
this case island formation would be the driving force during the
film growth as the C6H6-C6H6 binding energy is more stabilising
than that in C6H6-CH3OH. This is consistent with the zero-order
kinetics of peak A in the TPD traces of Fig. 1. However, the
experimental data also show a high temperature peak that was
explained in terms of rearrangement of the underlayer ice. This
would also imply a breakdown of the chain structures in favour of
equally stable interactions, which cannot be explained by simply
looking at pairs of molecules.

Finally, the C6H6-CH3CH2OCH2CH3 complex has a binding
energy of 15.5 kJ mol−1 (at MP2/aug-cc-pVTZ level of theory)
that is intermediate between the lowest minima of C6H6-C6H6

(13.5 - 18.1 kJ mol−1) and close the binding energy for the
global minimum of the CH3CH2OCH2CH3 dimer (13.9 kJ mol−1

) (ESI†). This (CH3CH2OCH2CH3)2 structure was assumed
to correspond to the global minimum of (CH3OCH3)2.6,91,92

Therefore, in agreement with the experiments reported above,
these results suggest that there is not a significant variation
between the intermolecular interactions established in the pure
solids and those at the interface of the layered system.

Larger clusters were also investigated employing the MP2 ap-
proach (Fig. 7, Table 2). We would like to stress that in this
case, we did not choose to carry a systematic analysis of all the
possible conformers, which would require a more detailed study
given the large number of local minima. For instance, the interac-
tion between C6H6 and several (from 1 to 6) molecules of CH3OH
with the addition of the (C6H6)2(CH3OH)3 has been thoroughly
investigated by Matisz et al.11 by optimising thousands initial ge-
ometries. Our approach is, in contrast, more simple and we aim
at an immediate validation of our hypotheses and interpretation
of the trends observed in the experimental data. In fact, neither
of the m3b′ and m3b′′ structures is the global minimum for the
(C6H6)(CH3OH)3 cluster, but in one case there is a “closed circle”
of CH3OH molecules interacting each one with the others, while
in the other cluster this “circle” is open, leaving just one free OH
to bind with the C6H6. The binding energies between C6H6 and
the other three molecules agree well with the TPD data: 39.3 kJ
mol−1 is found for m3b′, while 23.9 kJ mol−1 is found for m3b′′

(Table 2). These values remind of the difference between the

Table 2 List of calculated binding energies (in kJ mol−1). The total

interaction energy, Etot , is also reported to allow direct comparison with

literature values, when available and this was calculated as

Etot = Ecomplex −∑n En, where n indicates the number of fragments used

in the CP procedure. EMP2/T Z is the BSSE corrected binding energy

which was obtained with a single point at MP2/aug-cc-pVTZ (CP = 2)

following the optimisation with aug-cc-pVDZ basis set (CP = 3 or 4). The

values in brackets are the binding energies between the furthest

CH3OCH3 molecule and the remaining CH3OCH3-C6H6 fragment. The

values in square brackets are the binding energies obtained for the

CH3OCH3 dimer (global minimum) at the same level of theory

(MP2/aug-cc-pVDZ + single point with aug-cc-pVTZ).

Cluster Etot/kJ mol−1 Etot(Lit.)/kJ mol−1 EMP2/T Z/kJ mol−1

w3b′ -85.5 -86.6 31 -22.5 {-21.1} 89

w3b′′ -80.5 n/a -33.28
m3b′ -81.3 n/a -39.3
m3b′′ -94.2 -90.5 11 -23.9
dm2b′ -26.5 [-13.7] -12.7 (-14.2)
dm2b′′ -30.5 [-13.7] -16.4 (-24.0)

desorption energy estimated for peak B (39 - 42 kJ mol−1) and A
(ca. 21 kJ mol−1) respectively in Fig. 1 supporting the interpre-
tation of the experiments. The low temperature feature is mainly
due to weakly adsorbed C6H6, similar to m3b′′, that de-wets the
CH3OH surface, however, as the substrate is heated the CH3OH
ice rearranges and some more of the hydrogen-bonded chains in
the solid break and allow the CH3OH to tilt interacting more effi-
ciently with C6H6 (m3b′).

Despite this striking match in the absolute values between the
calculations and the TPD analysis, we would recommend cau-
tion when comparing desorption energies, averaged macroscopic
thermodynamic quantities, with binding energies of fragments in
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fragment, the interactions are of 14.2 and 24 kJ mol−1 for dm2b′

and dm2b′ respectively. These values are still very close to those
just mentioned above. In fact, in the dm2b′ structure the aromatic
ring will have only a marginal and indirect effect on the binding
energy between the two CH3OCH3 molecules. Therefore, it is not
surprising that the calculated 14.2 kJ mol−1 is extremely close
to the 13.7 kJ mol−1 found in the CH3OCH3 dimer. Regarding
the complex in dm2b′′, it should be noted that the 24 kJ mol−1

value results from the synergic and direct effect of two types of
interactions, CH3OCH3-CH3OCH3 and CH3OCH3-C6H6. The re-
sulting stabilisation is roughly the sum of the binding energy in
the CH3OCH3 dimer and in dm1b′, further confirming the simi-
larity of the intermolecular interactions that are typical for the
two species. These results, based on simple calculations, present
an overall picture of the C6H6/CH3OCH3 system, and hence of
the C6H6/CH3CH2OCH2CH3 system, that is consistent with RAIR
and TPD experiments, although no quantitative comparison can
be made. Therefore, the findings indicate that no changes in the
thermodynamics (enthalpy) occur at the interface, and hence a
uniform layer-by-layer growth of one ice over the other is ex-
pected.

4 Conclusions

We have presented a series of experiments and simple calculations
to investigate the role of non-covalent interactions, e.g. hydrogen
bonding, in determining the ice structure of binary layered sys-
tems. Table 3 summarises the growth mechanisms and the des-
orption energy of these ices.

Table 3 Table summarising the desorption energies and the film growth

mechanisms for the following binary layered systems: C6H6/H2O,

C6H6/CH3OH, CH3CH2OCH2CH3/C6H6 and C6H6/CH3CH2OCH2CH3.

The question mark highlights a tentative determination.

Substrate Overlayer Film Edes/kJ mol−1

growth (sub-monolayer)
H2O C6H6 Islanding 41.0 ±0.5 51

CH3OH C6H6 Islanding 21 ±2?
Wetting 39 - 42

CH3CH2OCH2CH3 C6H6 Wetting? 35 ±1?
C6H6 CH3CH2OCH2CH3 Wetting 33 ±1

Both TPD traces and RAIR spectra of C6H6 on a CH3OH ice in-
dicate that island formation is probably the driving process dur-
ing the film growth of the overlayer. Especially at low expo-
sures, most of the isolated aromatic molecules that are directly
adsorbed at the ice interface are weakly bound to the methyl
groups (CH· · ·π) and to the O-atom (CH· · ·O), having a desorp-
tion energy of ca. 21 ± 2 kJ mol−1. There are also considerable
evidence of strong binding mainly through the hydroxyl group to
the aromatic ring (OH· · ·π) corresponding to an Edes in the 39 -
42 kJ mol−1 range that implies a rearrangement of the CH3OH
chains in the substrate. This phenomenon is enhanced during

TPD. In conclusion, the C6H6/CH3OH interface shares more than
one similarity, with the analogous layered C6H6/H2O system, e.g.

island formation and interaction through dangling OH groups.
The C6H6/CH3CH2OCH2CH3 has been the most challenging to

study, pushing established surface techniques, such as TPD and
RAIRS , to their limits of detection and applicability. However we
found that the desorption energy corresponding to low exposures
of C6H6 on thick CH3CH2OCH2CH3 ices has a tentative value of
ca. 35 ±1 kJ mol−1, which is noticeably close to the 33 ±1 kJ
mol−1 found for the reversed system. In conclusion, although the
initial interpretation of C6H6 wetting CH3CH2OCH2CH3 is based
on the inverted experiment, the addition of RAIRS data and MP2
calculations support the idea that the C6H6 film grows uniformly
on the CH3CH2OCH2CH3 substrate, with no significant variations
between the possible intermolecular interactions in the bulk of
the two solid phases and at the interface.
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