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rystallisation of binary 2-propanol
and water ices adsorbed on graphite

Sean A. Ayling, Daren J. Burke, Tara L. Salter and Wendy A. Brown *

Alcohols, including 2-propanol, are important in a range of industrial applications, and are also found in cold

astrophysical environments such as comets and interstellar space, where they are often frozen out on

carbonaceous grain surfaces. In these regions, the interaction between alcohols and water ice plays

a crucial role in the surface chemistry. We have therefore undertaken a detailed temperature

programmed desorption (TPD) and reflection absorption infrared spectroscopy (RAIRS) investigation to

elucidate the physical chemistry of the adsorption, desorption and crystallisation of 2-propanol and

water ices adsorbed on graphite at 26 K. Hydrogen bonding plays a critical role in the physical chemistry

of both pure 2-propanol and of binary ices containing 2-propanol and water ice. Monolayer 2-propanol

physisorbs strongly on the graphite surface, and with increasing coverage, annealing leads to the

desorption of first amorphous, and then crystalline, 2-propanol multilayers. Crystallisation is also evident

in RAIR spectra, which show marked changes on annealing of the adsorbed 2-propanol layer. In binary

ice systems containing amorphous solid water and 2-propanol, the desorption and crystallisation of the

alcohol is modified. The water ice inhibits the 2-propanol crystallisation and gives rise to co-desorption

in TPD. In addition, the 2-propanol also strongly influences the behaviour of the water, with even small

amounts of the alcohol changing the crystallisation kinetics of water ice, leading to the desorption of

water solely in its amorphous form.
1. Introduction

2-Propanol is important in a range of applications, including its
use as an anti-freezing agent and as a solvent. It is particularly
important in surface catalysis where a large body of literature
describes its adsorption and reactivity. For example, adsorption
on a range of surfaces including metals1–11 and metal-oxides12,13

leads mainly to the formation of an alkoxide species, which
then undergoes dehydrogenation to form acetone and
hydrogen, although dehydration and oxidative decomposition
have also been observed. 2-Propanol adsorption on carbon and
carbon supported metal catalysts has also been studied and
gives rise to dehydrogenation products.14

The behaviour of alcohols, including 2-propanol, adsorbed
on dust grains and water ice is also of direct importance to the
chemistry of the interstellar medium (ISM), where dust grain
surfaces play a signicant role in chemical processes15 (and
references therein). A large number of complex organic mole-
cules (COMs), dened as molecules containing 6 or more
atoms,16 have been observed in the ISM, with alcohols playing
an important role in interstellar chemistry.17 Methanol16,18–20

and ethanol21–23 have been detected in a range of environments,
and methanol in particular plays an important role in the
almer, Brighton, BN1 9QJ, UK. E-mail: w.

hemistry 2017
chemistry of the regions where it is found. Although 2-propanol
remains undetected in the ISM, the C3H8O isomer, methoxy-
ethane, has been detected, with theory indicating that 2-prop-
anol will be more stable under interstellar conditions and is
hence highly likely to be detected.24 Models predict that 2-
propanol will have chemistry similar to that of ethanol, leading
to the production of mixed and pure ethers when released into
the gas phase of hot-core (proto-star) regions.17

With this in mind, we have undertaken a detailed study of
the adsorption and desorption of 2-propanol on model dust
grain surfaces. Dust grains are thought to be carbonaceous or
silicaceous in nature,25,26 and are covered in icy mantles con-
taining large amounts of water ice.27 Highly oriented pyrolytic
graphite (HOPG) and two forms of water ice, amorphous solid
water (ASW) and crystalline ice (CI), have therefore been used as
analogues to investigate adsorption on icy grain surfaces. These
are considered to be effective grain models.28,29 It is expected
that the hydrogen-bonding ability of alcohols will affect their
adsorption and desorption, particularly in the presence of water
ice. Furthermore, alcohols have also been shown to affect the
desorption and crystallisation kinetics of water ice itself. For
example, methanol lowers the amorphous to crystalline phase
transition temperature in water ice.30,31 The anti-freezing prop-
erties of 2-propanol, together with its ability to form complexes
with water,32 suggest that it will also have an effect on the
properties of water ice in astrophysical environments.
RSC Adv., 2017, 7, 51621–51631 | 51621
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The adsorption and desorption of 2-propanol has been
studied previously on a number of metal surfaces. Gleason et al.
investigated its thermal chemistry on clean and oxygen pre-
treated Ni(100) at 100 K using temperature programmed
desorption (TPD), X-ray photoelectron spectroscopy and reec-
tion absorption infrared spectroscopy (RAIRS).11 They found
that 2-propanol adsorbs molecularly at 100 K with extensive
hydrogen bonding between the chemisorbed species. Short-
house et al. also studied 2-propanol adsorption on a Ni surface
using RAIRS and TPD at 110 K.10 Multilayers formed on the
Ni(111) surface at this temperature. RAIRS was also used by
Camplin and McCash to investigate multilayer 2-propanol on
an oxygen-modied Cu(100) surface, dosed at 78 K.9 Vannice
et al. used RAIRS, high resolution electron energy loss spec-
troscopy and TPD to study 2-propanol adsorption and desorp-
tion on Pt(111).7 2-Propanol adsorbed exclusively molecularly at
85 K with TPD giving rise to a desorption energy of
42.8 kJ mol�1. In agreement with spectra recorded on other
metal surfaces,9–11 the vibrational spectra for multilayer 2-
propanol on Pt(111)7 compared well with liquid phase 2-prop-
anol infrared spectra.3,8 A molecular dynamics study of 2-prop-
anol adsorbed on Pt(111)33 investigated the binding energy with
increasing coverage. They calculated a binding energy of
�57 kJ mol�1 for the highest coverages of 2-propanol
investigated.

In contrast to studies on metal surfaces, the adsorption and
desorption of 2-propanol on carbonaceous and water ice
surfaces has received considerably less attention. Schaff and
Roberts used RAIRS and TPD to study the interaction of 2-
propanol with amorphous and crystalline water ice at �95 K.34

Deuterium isotopes were employed to probe the role of
hydrogen bonding. TPD gave desorption temperatures of 166 K
and 175 K on amorphous ice, and 175 K on crystalline water ice.
Desorption was zero or pseudo-zero order with an energy of 56
� 1 kJ mol�1,34 in good agreement with theory on Pt(111).33

Finally, TPD studies of 2-propanol on single wall carbon nano-
tubes (SWCNTs) found that multilayers desorbed at a tempera-
ture of 179 K giving a calculated desorption energy of
31.2 kJ mol�1 using rst-order desorption kinetics.35

In this study we present a TPD and RAIRS investigation of the
behaviour of 2-propanol on HOPG. In addition, we have also
investigated the interaction between 2-propanol and water ice
by studying layered and co-deposited mixed ices adsorbed on
HOPG at 26 K. These studies allow us to obtain a detailed
understanding of the physical chemistry of, and interactions
between, 2-propanol molecules and 2-propanol and water ice.
Elucidating details of pure 2-propanol ices is necessary for
astrophysical studies in order to provide a baseline for the more
complex behaviour of the ice in the presence of water. When
compared with results previously obtained for methanol36–38

and ethanol39,40 on HOPG, data for 2-propanol/water ices will
add to our fundamental knowledge of the surface chemistry of
alcohols on grain analogues, particular with respect to COMs.
The resulting desorption kinetics and behaviour of both 2-
propanol and water ice can be subsequently applied to astro-
nomical models.37
51622 | RSC Adv., 2017, 7, 51621–51631
2. Experimental

All experiments were performed in an ultra-high vacuum (UHV)
chamber with a base pressure #2 � 10�10 mbar. The chamber
was equipped with a closed-cycle helium refrigerator, allowing
the HOPG sample to be cooled to a base temperature of �26 K.
HOPG samples were purchased from Goodfellows and were
cleaved prior to installation in the UHV chamber by the Scotch
Tape method.41 The temperature of the sample was monitored
and controlled via a Eurotherm 2048 controller coupled to an E-
type thermocouple. The sample was cleaned by annealing to 250
K prior to each experiment. Sample cleanliness was conrmed
by TPD with no dose.

2-Propanol ($99.7%, BDH Laboratory Supplies Ltd.) and
water ices and were grown in situ by background dosing via two
high precision leak valves. 2-Propanol and deionized water were
puried by repeated freeze–pump–thaw cycles prior to dosing.
CI ices were grown by depositing 60 Lm of water at 26 K followed
by a 3 minute anneal at 138 K, which gives rise to a 50 Lm thick
crystalline ice. The crystallinity of the water ice lm was
conrmed by RAIRS. Doses were measured in Langmuir (1 Lm ¼
10�6 mbar s) and ranged from 1–50 Lm. To ensure similar water
ice morphologies throughout all experiments, identical dosing
pressures and sample orientations were employed. When
dosing binary ices, the two species were introduced sequentially
to form the layers or simultaneously to form intimate mixtures.
The composition of the co-deposited ice was determined from
the areas under the respective mass spectrometry traces recor-
ded in the vapour phase during deposition. The percentage of 2-
propanol in the mixed ices was calculated by integrating the
areas under the resulting dose curves and correcting for mass
spectrometer sensitivities. For all mixed ices, the water exposure
was xed at 50 Lm to ensure that the observed spectra were not
affected by the water coverage. The percentages given are for 2-
propanol concentrations with respect to 50 Lm of water ice.

RAIRS and TPD were used to investigate the properties of the
ices on the HOPG surface. TPD traces were obtained with
a Hiden Analytical pulse-counting quadrupole mass spectrom-
eter (HAL 301/PIC). For all TPD experiments, the sample
temperature was increased at a linear rate of 0.5 K s�1. A range
of mass fragments was recorded for 2-propanol and each
exhibited identical behaviour in TPD. Hence the most intense
mass fragment (45 a.m.u.) was used for analysis. RAIR spectra
were recorded with a Thermo Nicolet 6700 FTIR spectrometer
coupled to a liquid nitrogen-cooled mercury-cadmium-telluride
detector. RAIR spectra were recorded by the co-addition of 256
scans at a resolution of 4 cm�1. For RAIRS annealing experi-
ments, the sample was heated to the target temperature and
held for 3 minutes before cooling to base temperature.

3. Results and discussion
3.1. Pure 2-propanol on HOPG

Fig. 1 shows a RAIR spectrum for the adsorption of 50 Lm 2-
propanol on HOPG at 26 K (Fig. 1A) followed by subsequent
annealing to 120 K (Fig. 1B and C). Adsorption of increasing
doses of 2-propanol (not shown) gives rise to bands increasing
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 RAIR spectra showing the adsorption and annealing of 50 Lm of 2-propanol adsorbed on HOPG at 26 K. (A) RAIR spectrum at 26 K. (B) and
(C) RAIR spectra comparing bands observed at 26 K and following annealing to 120 K.
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in intensity with increasing exposure, with no associated
frequency shis. This indicates that the structure of the
adsorbed ice is not affected by exposure and hence 2-propanol is
Table 1 Vibrational wavenumber (cm�1) values and their assignments fo
at 26 K. Data from the literature are included for comparison. n ¼ stret
asymmetric, s ¼ symmetric

Mode

HOPG (this study)

Ni(Amorphous Crystalline

26 K 120 K 110

Unassigned 812 812
ns(C–C–C) 822 833 823
Unassigned 936
r(CH3) 960 966 940
n(C–O) 1117 1054, 1116 110
r(CH

3
) 1134 1132, 1138 113

nas(C–C–C) 1169 1169, 1174 117
H–C–OH 1268 —
Association 1325 1300, 1318 132
U(CH) 1344 1341 134
ds(CH3) 1383 1377 136
Association 1412 141
das(CH3) 1475 1489 147
ns(CH3)/ns(CH) 2889 2884 288
nas(CH3)/ns(CH3) 2922, 2931 2922, 2940 293
Unassigned 2956
nas(CH3) 2976 2979, 2971 297
n(O–H) 3400 3286, 3166 330

This journal is © The Royal Society of Chemistry 2017
physisorbed on HOPG. Assignment of the peaks for the 2-
propanol spectrum at 26 K (Fig. 1A) is made with reference to
previous spectra of multilayer 2-propanol adsorbed on Ni,10 Cu9
r amorphous and crystalline multilayer 2-propanol adsorbed on HOPG
ching, r ¼ rocking, d ¼ deformation, u ¼ out of plane bending, as ¼

111)10 Pt(111)7 Cu(100)9

Liquid42K 85 K 78 K

820 820 818

, 962 932, 960 960 953, 940, 921
9 1107 1031, 1114 1069
4 1133 1133 1130
1 1168 1168 1162

1260 — 1256
5 1316 1322 1311
2 1342 1342 1342
9, 1381 1391 1367, 1381 1372, 1382
3 1412 1418 1412
2 1471 1473 1470
4 2883 2882 2894
8 2943 2940 2938

7 2974 2972 2978
5 3300 — 3350

RSC Adv., 2017, 7, 51621–51631 | 51623
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Fig. 2 TPD spectra for 2-propanol deposited on HOPG at 26 K. (A)
Low exposures showing monolayer formation from 1–10 Lm. (B) High
exposures from 10–50 Lm showing the development of amorphous
and crystalline multilayers.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/6
/2

02
5 

3:
57

:5
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and Pt surfaces7 as well as in the liquid phase.42 A summary of
the assignments is given in Table 1.

There are several main features in the 2-propanol spectrum
at 26 K. The main n(O–H) band at �3400 cm�1 is very broad,
consistent with the presence of hydrogen-bonding. There are
strong, sharp peaks at 2976 cm�1 assigned to nas(CH3), at 1169
and 1134 cm�1 assigned to nas(C–C–C) and r(CH3) modes
respectively, and at 960 cm�1 assigned to the r(CH3) mode.
More moderate in intensity, but still clearly dened, are peaks
at 1475 and 1383 cm�1 assigned to the das(CH3) and ds(CH3)
bands respectively. These bands are expected for condensed
phase 2-propanol and are in good agreement with previous
spectra.7,9,10,42

Following adsorption, the deposited ice was annealed to
investigate the thermal processing. Annealing from 26 K to 110
K shows a gradual change in the n(O–H) band (not shown)
which shis from �3400 cm�1 (26 K) to 3325 cm�1 (110 K) with
an associated increase in intensity. There are no other changes
to the remaining bands over this temperature range. However,
following annealing to 120 K there are dramatic changes across
the entire spectrum, as shown in Fig. 1B and C. The most
striking change occurs to the n(O–H) band which sharpens
considerably and shis to 3286 cm�1. Several other changes are
observed, including an increase in intensity of many of the
bands and the appearance of new bands at 3166 and 2956 cm�1.
Several of the bands also split and shi in wavenumber (Table
1). Similar spectral changes have also been observed following
the annealing of methanol and ethanol ices deposited at low
temperature36,39 and are indicative of crystallisation of the ice.
Hence, the changes observed in Fig. 1 upon annealing of 2-
propanol are assigned to crystallisation. The crystal structure of
2-propanol has been studied by Cirkel and Boese43 who found
a helical chain structure linked by repeating O–H/O hydrogen
bonds. Crystallisation of 2-propanol on HOPG is coverage
dependent, since 20 Lm 2-propanol does not exhibit any spectral
changes upon annealing.

Fig. 2A and B show TPD traces recorded for 2-propanol
desorption from HOPG following deposition at 26 K. For low
exposures (Fig. 2A), a single peak is observed which varies in
peak temperature from 143 K (1 Lm) to 141 K (10 Lm). With
increasing exposure (Fig. 2B) a second peak is seen to grow into
the spectrum which appears at 138 K (15 Lm). This peak
increases in temperature with increasing exposure, with a peak
temperature of 144 K up to an exposure of 50 Lm. The peak that
appears initially is assigned to the desorption of physisorbed
monolayer 2-propanol adsorbed on HOPG. This is conrmed by
the approximately constant peak temperature, centred at
around 141–143 K, and the fact that increasing exposure gives
rise to TPD traces that do not share leading edges.

The second peak to appear in the spectrum can be assigned
to the desorption of multilayer 2-propanol. This multilayer
initially desorbs as amorphous 2-propanol for exposures of 15
and 20 Lm. For higher exposures ($30 Lm), RAIR spectra (Fig. 1)
show that 2-propanol undergoes a structural change, assigned
to the formation of crystalline ice. Hence, for 30 and 50 Lm
exposures, 2-propanol desorbs as a crystalline phase. This
51624 | RSC Adv., 2017, 7, 51621–51631
observation accounts for the fact that the TPD traces for expo-
sures#20 Lm do not share leading edges with higher exposures.

Similar behaviour is observed for the desorption of water ice,
where amorphous and crystalline phases desorb at different
rates. This manifests itself as a distinctive bump on the leading
edge of water TPD spectra.44 However, the phase change of 2-
propanol occurs approximately 30 K prior to desorption,
therefore leading to the observation of divergent leading edges
in the TPD peaks for amorphous and crystalline 2-propanol.
The same effect of divergent leading edges in the TPD has also
been seen for glycolaldehyde on HOPG at 26 K.28

Quantitative analysis of the TPD spectra shown in Fig. 2 is
reported in Table 2. The methodology employed has been
described in detail previously.15 The order of desorption is ob-
tained from the gradient of a plot of ln[I(T)] against ln[qrel] for
a series of TPD curves of varying initial coverage at xed
temperature. Here I(T) is the recorded mass spectrometer
intensity and qrel is the area under the relevant TPD curve. The
calculation is performed at a range of xed temperatures to
determine an average value for the desorption order. Errors for
the desorption order and other parameters are estimated as
twice the standard error of the mean. The order of desorption
for monolayer 2-propanol is 1.23 � 0.03 with an energy ranging
from �45–50 kJ mol�1, increasing with coverage (Fig. 3). The
resulting average desorption energy for the monolayer is 46.6 �
3.7 kJ mol�1. This desorption energy is lower compared to
57.3 kJ mol�1 reported for 2-propanol desorption from
SWCNTs.35 However, this is unsurprising due to the unsatu-
rated surface of SWCNTs, which is likely to give rise to stronger
This journal is © The Royal Society of Chemistry 2017
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Table 2 Calculated desorption kinetic parameters for 2-propanol adsorbed on HOPG at 26 K, obtained from the TPD spectra shown in Fig. 2.
Note that the units for the monolayer pre-exponential factor are given as s�1 for clarity

Species Order, n Energy, Edes (kJ mol�1) Pre-exponential, nn

Monolayer 1.23 � 0.03 46.6 � 3.7 1012.9�0.3 s�1

Amorphous multilayer �0
50.4 � 1.2

1035.8�0.5 molecules per m2 per s
Crystalline multilayer 53.6 � 2.0

Fig. 3 Calculated desorption energies for monolayer (circles) and
amorphous (squares) and crystalline (triangles) multilayer 2-propanol
as a function of exposure. The desorption energies were determined
from the TPD data shown in Fig. 2.
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bonding. As seen in Table 2, the monolayer pre-exponential
factor is calculated as 1012.9�0.3 s�1 (rst-order units reported
here for simplicity). This is a reasonable value for monolayer
desorption, and compares with that observed for other
species.15

The observed fractional order of desorption (Table 2) for
monolayer 2-propanol is evidence for intermolecular interac-
tions between 2-propanol molecules on the HOPG surface,
leading to the formation of islands. This is consistent with the
TPD spectra which show the continuous evolution of the
monolayer peak, even at exposures where multilayers begin to
grow into the spectrum. This islanding suggests that interac-
tions between 2-propanol molecules are stronger than those
between 2-propanol and the HOPG surface. This is not
surprising due to the presence of the hydrogen bonding alcohol
group in 2-propanol. This is shown in Fig. 3, where the
desorption energy of 2-propanol increases with increasing
exposure. Molecular dynamics simulations for 2-propanol on
Pt(111) show an increasing adsorption energy with an
increasing number of 2-propanol molecules, in excellent
agreement with Fig. 3.33 This increase in energy was attributed
to the formation of hydrogen bonds between the 2-propanol
molecules. Similar islanding behaviour, where hydrogen
bonding becomes important with increasing coverage, has also
been observed for methanol and ethanol adsorbed on
HOPG.36,40
This journal is © The Royal Society of Chemistry 2017
For the multilayer, the order of desorption is zero, as ex-
pected. Fig. 2 shows that 2-propanol desorbs as both amor-
phous and crystalline forms, as conrmed by RAIR spectra.
Furthermore, Fig. 3 clearly shows two different multilayer
energy regimes, which can hence be assigned to the different
desorption energies of the amorphous and crystalline forms of
2-propanol. From Fig. 3, the desorption energy of amorphous 2-
propanol is 50.4 � 1.2 kJ mol�1 (10–20 Lm) and that for crys-
talline 2-propanol is slightly higher at 53.6 � 2.0 kJ mol�1. As
the multilayer energies are higher than the energy for the
monolayer, this indicates that there are stronger interactions
between molecules within the bulk 2-propanol ice than between
the 2-propanol monolayer and the surface. The pre-exponential
factor for the multilayer is 1035.8�0.5 molecules per m2 per s1,
which is similar to that obtained for multilayer ethanol ices on
HOPG.39

The desorption energy for multilayer 2-propanol compares
well with other experimentally determined alcohol multilayer
energies on graphitic surfaces. For example, the 2-propanol
energy is similar to that found by Smith et al. for multilayer
ethanol adsorbed on graphene (50.8 kJ mol�1)44 and by Burke
et al. for multilayer and bilayer ethanol on HOPG
(56.3 kJ mol�1).39 The multilayer desorption energy is also in
very good agreement with that derived theoretically for 2-prop-
anol adsorption on Pt(111), which lies in the range of 55–
57 kJ mol�1.33 However, the desorption energy is considerably
higher than that derived by Goering et al.35 for multilayer 2-
propanol on SWCNTs (31.2 kJ mol�1) and Vannice et al. on
Pt(111)7 (42.8 kJ mol�1). It is likely that this difference arises
from the use of a rst-order pre-exponential factor to derive the
desorption energy in both of these cases.
3.2. The effects of water on 2-propanol

To investigate the interactions of 2-propanol with water ice,
three binary ice congurations were grown: 2-propanol on ASW,
2-propanol on CI and co-deposited mixtures of 2-propanol and
water ice. Fig. 4 shows TPD spectra for the desorption of 2-
propanol from various binary water ices. For reference, and to
assist with peak assignments, Fig. 5 shows a comparison of 20
Lm of 2-propanol desorbing from all three ice congurations in
addition to 20 Lm of pure 2-propanol.

Fig. 4A shows 2-propanol TPD traces for various mixtures
ranging from 8–26% of 2-propanol co-deposited with water at 26
K. The TPD spectra are characterised by a single desorption
peak, which increases in intensity and downshis in tempera-
ture with increasing amounts of 2-propanol in the ice. This peak
can be assigned to 2-propanol co-desorption with water, as it
RSC Adv., 2017, 7, 51621–51631 | 51625

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra10410c


Fig. 4 TPD spectra for binary ices of 2-propanol and water adsorbed
on HOPG at 26 K. (A) TPD spectra for co-deposited ices. (B) TPD traces
following increasing exposure of 2-propanol on CI. (C) TPD traces
following increasing exposure of 2-propanol on ASW. In all cases
a representative water desorption trace (dotted trace) has been
included for comparison.

Fig. 5 Comparison of the TPD traces for 20 Lm of 2-propanol
adsorbed in different ice configurations.
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desorbs at the same temperature as water ice. The decreasing
peak temperature is assigned to a decrease in the bulk water
desorption temperature due to an increasing amount of amor-
phous water desorption, as discussed later.

TPD traces for 2-propanol desorption from CI are shown in
Fig. 4B. The TPD spectra are characterised by two desorption
peaks for higher exposures of 2-propanol, in agreement with
a previous study.34 At the lowest exposures (1–5 Lm) only the
higher temperature of these two peaks is seen. With increasing
2-propanol dose, this higher temperature peak appears to
saturate and does not shi in desorption temperature. The
higher temperature peak is the rst to be seen following the
lowest 2-propanol exposures and can therefore be assigned to
the desorption of 2-propanol bonded to CI, which then co-
desorbs with the CI. The lower temperature peak has a desorp-
tion temperature that increases with increasing 2-propanol
51626 | RSC Adv., 2017, 7, 51621–51631
exposure and shares leading edges. This peak has the same
desorption temperature and characteristics as that observed for
pure 2-propanol on HOPG (see Fig. 2 and 5) and hence can be
assigned to the formation of amorphous multilayers of 2-
propanol on the CI surface.

It might be expected that CI is unable to form hydrogen
bonds, thus suggesting that co-desorption is not possible for
species adsorbed on CI. However, Schaff and Roberts34 showed
that CI has around 1/6th of the number of dangling bonds
compared to the surface of ASW. These dangling bonds are
available for hydrogen bonding to species adsorbed on the
surface, however they are saturated relatively rapidly due to the
smaller concentration when compared with ASW. This is in
excellent agreement with the data in Fig. 4B, which clearly
shows saturation of the higher temperature co-desorption peak.

The desorption of 2-propanol from ASW is shown in Fig. 4C.
The TPD spectra are characterised by three distinct peaks. At the
lowest exposures, a single peak can be observed. This desorbs at
the same temperature as the water and shows a slight downshi
in temperature with increasing 2-propanol exposure. The peak
appears to saturate following a 2-propanol exposure of 10 Lm
and can be condently assigned by comparison with the
desorption spectra for 2-propanol from mixed ices (Fig. 4A and
5). Hence this peak is assigned to the co-desorption of 2-prop-
anol bonded to the ASW surface. Unlike the mixed ice, this peak
saturates for adsorption on ASW due to the limited surface area
of the ASW ice. In comparison to the water surface-bound peak
observed for 2-propanol on CI however, this peak saturates at
a higher exposure due to the greater number of dangling bonds
available on ASW to hydrogen bond to 2-propanol.34 The lowest
temperature peak, which grows into the spectrum following an
exposure of 15 Lm, can be assigned to the desorption of pure 2-
propanol layers from the ASW surface. This same peak can be
seen in Fig. 5 for desorption of 2-propanol from HOPG and
water-ice containing systems. The intermediate temperature
peak, observed following 2-propanol exposures of 10 Lm and
above on the ASW surface, is not seen for any of the other ice
This journal is © The Royal Society of Chemistry 2017
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congurations. Hence this peak is most likely due to the
adsorption of 2-propanol in the pores of the ASW surface.

RAIR spectra recorded at 26 K for 2-propanol adsorbed on
ASW and CI surfaces (not shown) are identical to those recorded
on HOPG. However, RAIR spectra recorded for mixed ices show
small differences in the CH3 modes, as shown in Fig. 6A. The
band at 960 cm�1 for pure 2-propanol ice and for 2-propanol
adsorbed on both ASW and CI shis to 950 cm�1 in the mixed
ice. Other bands associated with the CH3 groups at 1385 and
1134 cm�1 in the pure 2-propanol ice also shi, to 1388 and
1130 cm�1 respectively. Any changes to the n(O–H) region of the
2-propanol ice spectrum are masked by the n(O–H) mode of the
water ice. These changes are due to an interaction with water as
a result of complete mixing that occurs during deposition of the
mixed ice. These changes are not observed for the layered ices,
even following annealing.

Annealing the mixed ice gives rise to splitting of the
950 cm�1 band into 2 distinct peaks at 962 and 950 cm�1 at 140
K (Fig. 6A). At this temperature, the water ice has begun to
desorb, as indicated by a drop in intensity of the water n(OH)
band (not shown). Hence these two peaks can be assigned to 2-
propanol molecules interacting with water ices (950 cm�1) and
with other 2-propanol molecules (962 cm�1). This latter
assignment can be made with reference to the position of this
CH3 mode in the pure 2-propanol spectrum (dotted trace
Fig. 6A).

In contrast to the mixed ices, annealing of 2-propanol
adsorbed on ASW leads to no changes in the RAIR spectra until
desorption of 2-propanol and water occurs. There is no evidence
of 2-propanol crystallisation, even for higher exposures such as
those that exhibit crystallisation for the pure alcohol ice ($30
Lm). Hence, the presence of water inhibits the crystallisation of
the 2-propanol, even in a layered ice. The observation that the 2-
propanol infrared spectra are the same for adsorption on both
Fig. 6 RAIR spectra for binary 2-propanol and water ices adsorbed on
following annealing. A spectrum for pure 2-propanol at 26 K is shown fo
deposited on CI at 26 K followed by subsequent annealing. A RAIR spect
allow the assignment of the additional feature observed in the n(O–H) re

This journal is © The Royal Society of Chemistry 2017
HOPG and ASW surfaces suggests that the interactions between
2-propanol molecules are similar to those between 2-propanol
and water molecules. This is unsurprising due to the hydrogen
bonding ability of both molecules. This effect is similar to that
observed when glycolaldehyde is adsorbed on ASW,45 where
water also prevents crystallisation during annealing. Annealing
gives rise to thermal rearrangement of the 2-propanol and water
layers. However, the mixing is less extensive compared to that of
the co-deposited ice, as evidenced by the unchanged r(CH3)
mode at 960 cm�1 and by the growth of a pure 2-propanol peak
in the TPD spectra for this system (Fig. 4C).

Annealing of 50 Lm of 2-propanol on CI shows evidence that
the 2-propanol lm undergoes a structural rearrangement
during heating (Fig. 6B and C). At 125 K an additional peak can
be seen to appear in the n(O–H) region of the spectrum at
3286 cm�1, with other bands at 1378, 1169, 1132 and 960 cm�1

all showing spectral changes. Further heating sees the 2-prop-
anol bands disappear from the spectrum at 140 K, in agreement
with the TPD spectra (Fig. 4B). These spectral changes are
assigned to a structural rearrangement of 2-propanol, however
these changes are not as signicant as those observed for the
pure ice (Fig. 1 and dotted trace Fig. 6B). This is likely to be due
to the fact that some of the 2-propanol molecules are already
hydrogen bonded to the water ice surface, as evidenced by the
small co-desorption peak in the TPD spectra (Fig. 4B). Hence,
the concentration of pure 2-propanol is slightly lower when
compared to the same amount of alcohol adsorbed on HOPG.
Thus the extent of crystallisation is smaller.

3.3. The effects of 2-propanol on water desorption and
crystallisation

Fig. 7 shows water TPD spectra for the corresponding binary
layered (Fig. 7B) and co-deposited ices (Fig. 7C). A pure water ice
TPD trace following dosing at 26 K is included for comparison
HOPG at 26 K. (A) RAIR spectra for a 28% 2-propanol/water mixture
r comparison. (B) and (C) Show RAIR spectra for 50 Lm of 2-propanol
rum for 50 Lm of pure 2-propanol annealed to 120 K is shown in (B) to
gion.
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Fig. 7 Water TPD spectra from various binary 2-propanol and water
ices adsorbed on HOPG at 26 K. (A) Pure water desorption, showing
the ASW-CI phase transition. (B) Water TPD spectra for layered ices of
2-propanol on ASW. (C) Water TPD spectra following the co-deposi-
tion of 2-propanol and water. The dotted vertical line shows the
temperature of the ASW-CI phase transition for 50 Lm of pure water.
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(Fig. 7A). Clearly the presence of 2-propanol, even at the lowest
exposures (1 Lm), affects the water desorption prole for both
layered and co-deposited ices. Similar trends are observed for
both ice congurations.

Several characteristics of water desorption, and hence the
conversion from ASW to CI during the heating process prior to
desorption, are altered due to the presence of 2-propanol on and
within the ice. The bump corresponding to the ASW to CI phase
transition (Fig. 7A) increases in temperature with increasing
amounts of 2-propanol. This trend is more pronounced in the
layered ices where lower relative 2-propanol concentrations are
shown (1 and 2 Lm). The bump completely disappears for
layered ices with a 2-propanol layer of 10 Lm and for mixed ices
$15%. At the same time, the water peak temperature decreases
with increasing amounts of 2-propanol and the peak area
exhibits an increase. Finally, the trailing edges of the water
spectra for higher 2-propanol concentrations shi to lower
temperatures.

These changes in the water TPD spectra can be assigned to
the 2-propanol altering the crystallisation kinetics of the
adsorbed ASW and its conversion to CI prior to desorption. The
51628 | RSC Adv., 2017, 7, 51621–51631
increasing amounts of 2-propanol inhibit the crystallisation of
ASW, as indicated by the increasing temperature of the char-
acteristic bump on the leading edges of the TPD spectra. This in
turn gives rise to the desorption of a more amorphous form of
water, which is characterised by a lower desorption tempera-
ture. Speedy et al. reported that the evaporation rate of ASW is
greater than that of CI due to the increased stability of CI.46 This
accounts for both the increased peak area of the increasingly
amorphous water desorption and the lower desorption peak
temperature.

RAIR spectra for ices containing 2-propanol and water ice are
shown in Fig. 8, which focuses on the n(O–H) stretchingmode of
water. For pure water adsorbed on HOPG (Fig. 8A), this spectral
region clearly shows a marked changed in the n(O–H) band
prole and intensity, which has previously been assigned to the
conversion of ASW to CI.34,47,48 The inhibition of water crystal-
lisation caused by 2-propanol, whether in mixed (Fig. 8B) or
layered (Fig. 8C) ices, can clearly be seen in the gure. Both the
layered and mixed ices show a broad n(O–H) band centred at
3455 cm�1 upon adsorption at base temperature. During
annealing, this band shows a gradual shi to �3425 cm�1 and
sharpens slightly. Concurrently, two small shoulders at 3320
and �3174 cm�1 develop. These changes in the n(O–H) band
prole are evidence of structural changes in the water ice.
However, the water ice does not undergo a complete phase
change to CI, as the RAIR spectra do not exhibit the same
features as seen for pure water (Fig. 8A). By 140 K, pure water ice
has fully converted to CI, as evidenced by the distinct RAIRS
prole of the n(O–H) band. In contrast, both the layered and
mixed 2-propanol containing ices clearly show that the water
has not converted to CI at 140 K. Furthermore, in both of the 2-
propanol containing ices, water desorption has already
commenced by 140 K. This observation is in excellent agree-
ment with the TPD spectra shown in Fig. 7, and is fully
consistent with the observation that ASW desorbs at a lower
temperature than CI.46

This inhibition of water crystallisation by 2-propanol is due
to the ability of 2-propanol to hydrogen bond to the water,
which then disrupts the ability of the ASW to form CI. Investi-
gations of the phase diagram for water and 2-propanol at
ambient pressure32 show that water and 2-propanol form two
different clathrate structures, where �5 water molecules
interact with one 2-propanol molecule. It is not clear exactly
what the bonding between the water and 2-propanol is under
UHV conditions at cryogenic temperatures, however hydrogen
bonding will occur between the two species, thus changing the
water crystallisation kinetics.

Other alcohols have also been shown to change the ASW to
CI water phase transition.30,31 For example, methanol lowers the
ASW to CI phase transition temperature, giving rise to an earlier
onset of crystallisation, as evidenced by an early release of
volatile species.30 The likelihood that this effect of 2-propanol
and methanol on the ASW-CI phase transition can be assigned
to hydrogen bonding between the species is conrmed by
a study of the three C2O2H4 isomers.49 This study showed that
the increasing ability of the molecule to hydrogen bond to the
water caused a much larger effect on water crystallisation. For
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 RAIR spectra showing the n(OH) region of (A) pure water deposited on HOPG at 26 K and subsequently annealed to 140 K; (B) a 28%
mixture of 2-propanol and water and (C) 20 Lm of 2-propanol deposited on ASW. Annealing temperatures of the binary ices are outlined in the
figure.
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example, acetic acid inhibited water crystallisation markedly,
whereas methyl formate had little effect.28
4. Conclusions

We have conducted a detailed TPD and RAIRS study of the
adsorption, desorption and interactions between 2-propanol
and water adsorbed on graphite at 26 K. 2-Propanol strongly
physisorbs on HOPG and initially forms an amorphous layer
when grown at low temperature. TPD spectra show evidence of
islanding on the surface, most likely due to the formation of
hydrogen bonds between the adsorbed molecules. Annealing
the adlayer to 120 K leads to a structural rearrangement of the 2-
propanol, which can be assigned to crystallisation. The
desorption energy, derived from TPD, varies as a function of
coverage, with monolayers desorbing with an energy of 46.6 �
3.7 kJ mol�1. With increasing coverage, the desorption of rst
amorphous and then crystalline multilayers is observed with
desorption energies of 50.4 � 1.2 and 53.6 � 2.0 kJ mol�1

respectively.
As expected, strong interactions occur between the 2-prop-

anol and water, giving rise to modied TPD proles for both
species. These differences are observed for all congurations of
binary ices: co-deposited mixed ices, 2-propanol adsorbed on
top of ASW and 2-propanol deposited on top of CI. In addition
to changing the desorption behaviour of both molecules, the
binary ices also lead to marked changes in the crystallisation of
both the 2-propanol and the water ice. 2-Propanol does not
crystallise in either a mixed ice or a layered ice at exposures
where the corresponding pure ice is observed to crystallise. This
behaviour is in complete agreement with that observed for
methanol38 and ethanol40 ices annealed in layered or mixed ices
on an HOPG surface. For both of these alcohols, the presence of
ASW inhibits the crystallisation of the alcohol, just as observed
for 2-propanol. However, on CI there is some evidence of
This journal is © The Royal Society of Chemistry 2017
structural rearrangement of the 2-propanol, although the crys-
tallisation is not as extensive as observed for the same dose of
the pure alcohol.

Changes in the crystallisation of water ice are also seen in the
ASW and mixed ice systems containing 2-propanol. RAIR
spectra show that the ASW to CI phase transition usually seen
for water ice is not observed, even in the presence of small
amounts of 2-propanol. This is further conrmed by the TPD
spectra of water ice, which show the desorption of only amor-
phous water following exposures of 2-propanol $10 Lm (or 8%
in a co-deposited ice). Other small alcohols, such as meth-
anol30,31,38 and ethanol40 have also been shown to affect the
kinetics of the ASW to CI phase transition of water ice. Ethanol
behaves similarly to 2-propanol, by inhibiting the ASW to CI
phase transition.40 In contrast, in the presence of methanol, the
ASW to CI phase transition still occurs, but the temperature of
the phase transition is lowered by approximately 15 K under
laboratory experimental conditions.30,31

The data presented here help to shed light on the desorption
and trapping properties of interstellar ices adsorbed on dust
grains. Alcohols are ubiquitous in space and play a key role in the
chemistry of interstellar space.16–23 For example, simple alcohols
such as methanol, ethanol and propanol drive chemistry leading
to the formation of more complex organic molecules such as
ethers and esters.17 Despite 2-propanol not yet being detected in
the ISM, its observation is predicted.24 Hence, understanding the
physical chemistry of its interactions with water ices is important
to furthering our understanding of the physics and chemistry of
interstellar ices. Previous studies classied the desorption
behaviour of COMs45 and showed that 2-propanol was expected
to behave as a complex water-like species. Molecules of this type
exhibit co-desorption with water ice (as seen for 2-propanol) and
their hydrogen bonding abilities strongly affect the water ASW-CI
phase transition. This, in turn, will affect the desorption of more
volatile species in the ISM, which trap within the amorphous
RSC Adv., 2017, 7, 51621–51631 | 51629
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water ice50,51 and are only released when the water desorbs. This
study clearly demonstrates the importance of on-going laboratory
investigations of model interstellar ices including COMs to help
to lead to a deeper understanding of astrophysical processes in
ices. This, in turn, feeds into astrophysical models that further
our understanding of the formation of COMs in a range of
astrophysical environments.52
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