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Abstract: We prepared thin molecular
films of ethanol and 2-methylpropan-2-
ol on Ru(001) substrates at temperature
of 100 ± 150 K and examined their reac-
tivity toward HBr. The reaction inter-
mediates and products formed at the
surfaces were unambiguously identified
by the techniques of Cs� reactive ion
scattering (RIS) and low-energy sputter-
ing. The reaction on the ethanol surface
produced protonated ethanol, which is
stabilized on the surface and does not
proceed to further reactions. On the

2-methylpropan-2-ol surface, protonat-
ed alcohol [(CH3)3COH2

�] and carboca-
tion [(CH3)3C�] were formed with the
respective yield of 20 and 78%. Alkyl
bromides, which are the final products of
the corresponding reactions in liquid
solvents, have extremely small yields
on these surfaces (� 0.3% for ethyl

bromide and 2% for tert-butyl bro-
mide). The results indicate that the
reactions on frozen films are character-
ized by kinetic control, stabilization of
ionic intermediates (protonated alco-
hols and tert-butyl cation), and effective
blocking of the charge recombination
steps in SN1 and SN2 paths. The implica-
tion of these findings for the molecular
evolution process in interstellar medium
is also discussed.
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Introduction

Reactions on frozen molecular solids have received increasing
attention in recent years partly owing to discovery that they
play an important role in atmospheric and interstellar
chemical processes. On ice particles in the polar stratospheric
clouds, heterogeneous catalytic reactions take place which
cause the seasonal recurrence of ozone depletion over the
Antarctic.[1±3] Interstellar icy grains are thought to be a
catalyst in extraterrestrial organics formation. The increasing
evidence[4, 5] from both infrared astronomic observations[6, 7]

and laboratory experiments,[8±10] support the possibility that
simple chemicals are transformed to more complex molecules
in the cold icy mantle of interstellar grains. The keen interest
on such environmental issues has stimulated a large number
of projects on the chemistry on water-ice surfaces, which
include spectroscopic investigations of molecular states on
ice,[11±17] laboratory model studies of the stratospheric reac-

tions of halogen reservoir molecules (ClONO2, HCl, and
HBr),[18±21] reactions induced by photons[8±10] and high-energy
particles,[22±24] and the measurements of fundamental chemical
properties on well-defined ice films such as the mobility of
water[25, 26] and proton,[27] and the proton transfer efficiency in
the H3O�/NH3 system.[28] The next interesting system in this
line of investigation is a solid alcohol surface. Methanol is the
most abundant organic molecule observed in the interstellar
medium and in cometary volatiles,[5] not to mention the wide
usage of alcohols as reagents and reaction media in organic
chemistry laboratory. The study of solid-phase alcohols,
however, has been very limited so far. The structure and
phase-transition behaviors of simple alcohols such as ethanol
have been examined in a frozen bulk state,[29, 30] although the
surface structure and reactivity are almost completely un-
known at present. Roberts et al.[31] recently examined the
chlorine substitution reaction of 2-methylpropan-2-ol on a
water-ice surface using temperature-programmed desorption
mass spectrometry (TPDMS).
Apart from the importance to interstellar chemistry, the

frozen alcohol surface is an interesting research subject from a
standpoint of fundamental chemistry as well. Consider, for
example, Scheme 1 which depicts reactions of hydrogen
halide with ethanol and 2-methylpropan-2-ol in a liquid
phase, textbook examples of the SN1 and SN2 reaction
pathways. The reactions readily occur in ordinary solvents at
room temperature and their behavior is governed by thermo-
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Scheme 1. Reactions of hydrogen halide with ethanol and 2-methylpro-
pan-2-ol in a liquid phase.

dynamics. Intermediate species of the reactions such as
protonated alcohol and carbocation exist only for transient
time and are rapidly converted to alkyl halides. These
intermediates can be isolated only in unusual reaction media
such as superacid solvents.[34] On the other hand, a frozen
alcohol surface provides a much different reaction environ-
ment from liquid solvents mainly for two reasons. Firstly,
according to the Arrhenius equation, the thermal rate cross-
ing over an activation barrier is negligible at the temperature
of frozen alcohols (�150 K) for the majority of chemical
reactions. Secondly, the rate of reagent diffusion is reduced by
several orders of magnitude upon the phase transition from
liquid to solid in general. With such drastic changes, the
occurrence of a chemical reaction in any appreciable speed
might be considered doubtful on frozen molecular surfaces.
For a reaction study on a frozen alcohol film, it is necessary

to prepare a well-defined and contamination-free surface,
since the lack of information about the structure and chemical
composition brings a perplex situation to the investigation.
An ultra thin film deposited on a metal surface under ultra
high vacuum (UHV) is a good candidate for this purpose. In
the present work, we examined the reactions depicted in
Scheme 1 by preparing ultra thin alcohol films on Ru(001) in
UHV. On these surfaces we found that alcohols readily
reacted with HBr to produce protonated alcohols and tert-
butyl cation, despite the hostile nature of the environment
mentioned above. The reactions, however, did not go to
completion and stopped at intermediate states. The trapped
species on the surface were directly identified by the
techniques of Cs� RIS and low-energy sputtering. This work
not only demonstrates how chemistry of alcohol differs on a
frozen molecular surface and in a flask, but also gives the first
clear example that the intermediates of organic reactions can
be isolated on frozen molecular surfaces, a conjecture thus far
assumed in interstellar molecular evolution.

Experimental Section

The detailed description of Cs� RIS experiment on a frozen molecular
surface has been described previously.[28, 32, 33] In the UHV chamber[32] with
a base pressure of 1� 10�10 Torr, a Cs� beam was generated from a surface
ionization source and was scattered at a sample surface to be analyzed. The
Cs� beam energy was chosen between 10 and 50 eV, and the current density
at the sample was 2 ± 3 nAcm�2. The scattered positive ions were measured
with a quadrupole mass spectrometer (QMS; ABB Extrel) with its ionizer
filament off. The scattered ions are composed of reflected primaries, RIS
products that are association products of Cs� with neutral molecules at the
surface, and the preexisting ions ejected from the surface. The mechanism

of the RIS process on a frozen molecular surface has been explained.[33] The
beam incidence and the detector angles both were 45� with respect to the
surface normal.

The substrate was a Ru single crystal with a (001) face attached to a sample
manipulator, and its temperature could be varied in the range of 90 ±
1500 K. The substrate surface was cleaned by repeated cycles of Ar�

sputtering and annealing at 1500 K in UHV. Alcohol films were deposited
on this surface maintained at 120 K by backfilling the chamber with alcohol
vapor at a pressure of 1 ± 5� 10�8 Torr. C2H5OD (Aldrich, 99.5�% isotope
purity) and 2-methylpropan-2-ol (Aldrich, 99.5�% purity) samples were
degassed by several vacuum freeze ± thaw cycles before introduced into the
chamber. The alcohol films were prepared to the thickness of 3 ± 5
monolayers (MLs), where the thickness was deduced from TPDMS
measurements. Calibration experiments on alcohol films of various thick-
ness indicated that 3 ± 5 ML was sufficient to eliminate basically all the
substrate effects in the surface reaction. The sampling depth of RIS is one
monolayer on frozen molecular films in the employed energy range.[33] Ion-
induced damage or surface contamination by incident Cs� ions was
negligible during the time of RIS spectral acquisition. Whenever necessary,
fresh films were prepared to eliminate the surface contamination effects in
the measurement. An ethanol film deposited at 120 K is in a plastic-
crystalline phase (rotationally disordered phase).[29, 30] The packing struc-
ture is unknown for 2-methylpropan-2-ol. HBr gas (Aldrich, 99�%
purity) was introduced into the chamber through a separate leak valve and
guided close to the sample face by a tube doser, which reduced chamber
contamination by the acid. In this configuration the pressure difference of
HBr between the sample and the ionization gauge region was about eight
times, which was taken into account in calculating the HBr exposure at the
sample. The chamber was equipped with an Auger spectrometer to monitor
surface cleanness and elemental composition. Residual gas analysis and
TPDMS experiments were done with a QMS.

Results

Reaction on the ethanol surface : A film of deuterated ethanol
C2H5OD was deposited on Ru(001) at 120 K, and its surface
was analyzed with RIS at 100 K. Figure 1a shows an

Figure 1. Cs�RIS mass spectra obtained on a pure C2H5OD film a) and on
a C2H5OD film exposed to HBr gas for 0.2 L b). Cs� beam energy was 20 eV
in a) and b). In c), Cs� energy was increased to 40 eV on a C2H5OD film
exposed to 0.2 L of HBr. The ethanol films were 3 ± 4 ML thick, prepared
by condensing C2H5OD vapor on a Ru(001) substrate at 120 K. HBr gas
was added to the films at 100 K. Cs� peak intensity is shown in a reduced
scale.
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RIS spectrum obtained at Cs� collision energy of 20 eV. The
spectrum shows a strong peak of the reflected Cs� primaries at
m/z 133, together with RIS products at m/z 180 and m/z 227
which are association products of Cs� with neutral molecules
at the surface. The m/z 180 peak is assigned as CsC2H5DO�,
representing the pickup of a C2H5OD molecule at the surface
by a Cs� projectile. The m/z 227 peak, CsC4H10O2D2

�, is due
to the pickup of two ethanol molecules. In CsC2H5DO� and
CsC4H10O2D2

�, ethanol is believed to retain its molecular
identity, since Cs� is unreactive toward ethanol molecule in
gas phase and binds to it only through ion ± dipole attraction
force. In this respect, the ions will be written as Cs(C2H5OD)�

and Cs(C2H5OD)2� in the text whenever structural clarity is
needed. The RIS peaks reveal that ethanol exists as an
undissociated molecule on the frozen film. A small peak at
m/z 151 (CsH2O�) is due to adsorption of residual water vapor
on the surface, and its intensity increased with time after
initial deposition of the film.
In Figure 1b, we added HBr on the C2H5OD film for an

exposure of 0.2 L (1 L� 1� 10�6 Torr s) at 100 K, and then
examined the surface with RIS at the same temperature.
Upon HBr addition, new peaks readily appeared at m/z 48
and 95, in addition to the RIS peaks already seen in Figure 1a.
The m/z 48 amu signal is assigned as protonated ethanol
(C2H5ODH�), and the m/z 95 amu signal, protonated ethanol
dimer [(C2H5OD)2H�]. Each of these peaks is accompanied
by smaller neighboring peaks of 1 amu difference, indicating
that the protonated ethanol undergoes H/D exchange reac-
tions on the surface. For convenience the chemical species will
be denoted hereafter only by its representative isotope. It is
important to recognize that the C2H5ODH� and
(C2H5OD)2H� signals are due to protonated ethanol mole-
cules produced from reaction of HBr with ethanol on the
surface. These preexisting ions are desorbed molecularly by a
process called low-energy sputtering upon Cs� impact.[14, 28]

In Figure 1c, Cs� impact energy was increased to 40 eV to
analyze the same surface as in Figure 1b. Additional peaks are
seen at m/z 20, 29, 213, and 215. The m/z 20 amu peak is
assigned as protonated water (H2DO�), and the m/z 29 amu
peak as C2H5

�. The RIS products appeared atm/z 213 and 215
correspond to CsHBr�, which indicates that a certain fraction
of HBr remains undissociated on the surface.
Further we examined the low-energy sputtered ions ob-

served in Figure 1b and c, by monitoring their intensities as a
function of Cs� impact energy. Figure 2a shows the intensities
of C2H5OHD� and C2H5

� ions measured on two different
films: one made only of ethanol and the other, HBr added to
ethanol. On the HBr/C2H5OD surface, the C2H5OHD� signal
shows a substantial intensity even at a Cs� energy of 10 eV.
The C2H5

� emission from this surface exhibits a threshold at
15 ± 20 eV. The threshold energies for two ions are obviously
different, suggesting that they have different origins.
C2H5OHD� with the lower threshold must be due to
molecular ejection of preexisting C2H5OHD� ions on the
surface. In analogy, low-energy sputtering readily ejects
hydronium and ammonium ions from the surfaces containing
these preformed ions.[28] The C2H5

� signal with the higher
threshold, on the other hand, must result from collisional
fragmentation of preexisting C2H5OHD�. The fragmentation

Figure 2. a) Variation of ion intensities with Cs� impact energy. Solid
symbols represent the signals from an ethanol film exposed to 0.2 L HBr,
and open symbols, from a pure ethanol film. The sample temperature was
100 K. b) Relative intensities are plotted for the C2H6OD� and C2H5

�

signals from the HBr-exposed ethanol surface in a).

of C2H5OHD� produces HDO as well, and this species is
evidenced in Figure 1c by the increase in CsHDO� signal and
by the appearance of protonated water signal, H2DO�. In
Figure 2b, C2H5OHD� and C2H5

� signals are plotted against
their relative intensity ratio. The relative intensity of C2H5

� is
negligible at low energy and increases above 20 eV, at the
expense of the decay of C2H5OHD� intensity at high energy.
This behavior reveals that C2H5

� is a secondary species
produced from C2H5OHD� fragmentation.
Also shown in Figure 2a are the emission yields of

C2H5OHD� and C2H5
� from a pure ethanol film which does

not have preexisting ions. These signals are emitted only at
impact energy greater than 40 eV and their yields are very
small even above this energy. These ions are produced as a
result of ordinary sputtering process, that is, impact-induced
fragmentation and ionization of neutral molecules. This
means that the ions appeared at energy below 40 eV in
Figure 1 are due to low-energy sputtering, which refers to
collisional desorption of preexisting C2H5OHD� ions, either
molecularly or in fragments.
The observed threshold energy for ion emission is ulti-

mately related to formation energy of the ion and its binding
strength to the surface. Hydrogen-bonding energy of proto-
nated ethanol to another ethanol molecule is 32.2 kcalmol�1

from gas-phase measurement.[35a] This value is related to the
molecular desorption energy of protonated ethanol from an
ethanol film. The formation energy of C2H5

� from protonated
ethanol in gas phase is 34 kcalmol�1,[35b] and this will roughly
be the energy additionally required for C2H5

� ejection from
the surface via fragmentation of protonated ethanol. The
adsorption energy difference of protonated ethanol and
C2H5

� is not included in this estimation, as it is small
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compared to their formation energies. The heterolytic cleav-
age of a neutral ethanol molecule to C2H5

� and OH� in gas
phase requires an energy of 239 kcalmol�1,[35c] much higher
than the previous two values. These gas-phase values are well
correlated with the threshold energies of ion emission in the
present study: �10 eV for desorption of protonated ethanol
(the gas-phase value is 32.2 kcalmol�1), 15 ± 20 eV for C2H5

�

emission from a protonated ethanol surface (66 kcalmol�1),
and 40 eV for C2H5

� production from a pure ethanol film
(239 kcalmol�1). The thermodynamic correlation further
supports that the threshold energies distinguish the different
origins of low-energy sputtered ions. Desorption of proto-
nated ethanol occurs at the lowest impact energy, its
fragmentation at a higher energy, and the impact-induced
ionization of neutral ethanol requires the highest energy.
Particular attention was given in the present study as to

whether ethyl bromide is formed or not. In liquid solvents,
protonated ethanol is only a transient intermediate and is
readily converted to ethyl bromide through the SN2 transition
state (Scheme 1). In the present case, CsC2H5Br� signal (m/z
241 and 243) did not appear even after extensive signal
accumulation. To check if RIS can quantitatively identify
C2H5Br on the surface, a calibration experiment was per-
formed in which C2H5Br was deposited on a frozen ethanol
film and its detection sensitivity was measured. The RIS
detection efficiency for C2H5Br, that is, the probability that
Cs� picks up C2H5Br adsorbates to form CsC2H5Br�, was
found to be 1� 10�3 at Cs� energy of 20 eV. From this RIS
efficiency, we conclude that the reaction of HBr with ethanol
does not form C2H5Br in any appreciable amount on the
surface (�0.05 ML in Figure 1b). This conclusion is also
supported by the observation that the intensity of CsHDO�

signal was hardly increased in Figure 1b from the original
CsH2O� intensity in Figure 1a. If the SN2 reaction occurred, it
would form HDO as the coproduct of C2H5Br. Note that
strong H2DO� and CsHDO� signals in Figure 1c are due to
collisional fragmentation of protonated ethanol at 40 eV, as
mentioned before. The negligible increase of CsHDO� signal
from Figure 1a to Figure 1b indicates that the increase in
surface water concentration is less than 5� 10�4 ML, as
calculated from the RIS detection efficiency for physisorbed
water (about 0.1).[33] This sets an upper limit for the SN2
reaction yield for C2H5Br to be 0.3%, if the initial coverage of
HBr is assumed to be 0.2 ML with HBr sticking probability of
unity on the surface. In this estimate the small, unionized
portion of HBr molecules is ignored. From the almost absent
water species on the surface, it can also be said that self-
alkylation reaction of ethanol which releases water does not
occur either.
The transition state of the SN2 reaction, C2H6DOBr, were it

formed and trapped on the surface, would be detected as
CsC2H6DOBr� (m/z 260 and 262). This signal was not
observed nor its possible fragmentation peak, CsC2H5Br�.
The temperature effect on the reaction was examined by

varying the substrate temperature over the range of 100 ±
150 K. Above 150 K an ethanol film sublimes in vacuum.
The only change observed was an increase in signal intensity
of protonated ethanol by 15% upon a temperature increase
from 100 to 150 K. The other features of Figure 1b and c

remained unchanged. To examine the temporal behavior of
the reaction, we delayed the RIS measurements after adding
HBr to the film. The spectral intensities did not change
noticeably with the delay time up to 30 min at 100 K.

Reaction on the 2-methylpropan-2-ol surface : Figure 3 shows
RIS results obtained on 2-methylpropan-2-ol films. On a pure
2-methylpropan-2-ol film (Figure 3a), the strongest RIS peak
observed is CsC4H10O� (m/z 207), which represents the

Figure 3. Cs�RIS mass spectra obtained on a pure (CH3)3COH film a) and
on a (CH3)3COH film after HBr exposure for 0.3 L b). Cs� beam energy
was 20 eV. In c), Cs� energy was increased to 40 eV on a (CH3)3COH film
exposed to 0.3 L of HBr. The alcohol films were prepared 4 ± 5 ML thick on
Ru(001) at 120 K. HBr exposure and RIS analysis were done at 100 K. Cs�

peak intensity was reduced by the factor indicated.

pickup of (CH3)3COH molecule by Cs�. No fragmented or
ionized species of 2-methylpropan-2-ol is observed in the
spectrum. The small CsH2O� signal (m/z 151) is attributed to
physisorption of residual water vapor.
In Figure 3b, 0.3 L of HBr was added to the 2-methylpro-

pan-2-ol film at 100 K, and the resulting surface was analyzed
using a 20 eV Cs� beam. For low-energy sputtered peaks,
C4H9

� (m/z 57) appears strong together with C4H11O� (m/z
75), which are assigned as tert-butyl carbocation [(CH3)3C�]
and protonated 2-methylpropan-2-ol [(CH3)3COH2

�], respec-
tively. For RIS peaks, CsH2O� signal is much increased in
intensity. This increase is not caused by adsorption of residual
water nor collisional fragmentation of protonated 2-methyl-
propan-2-ol by incident beams. The CsH2O� signal appeared
strong right from the start of RIS measurement and did not
vary significantly with a beam exposure time. The efficient
emission of (CH3)3C� and (CH3)3COH2

� ions at this low
energy indicates that these ions preexist on the surface,
formed by reaction of HBr with 2-methylpropan-2-ol. The
surface water molecules represented by CsH2O� must be
formed in the conversion reaction of (CH3)3COH2

� to
(CH3)3C� depicted in Scheme 1.
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When Cs� energy was increased to 40 eV in Figure 3c, the
spectrum showed additional peaks. In particular, C2H5

� (m/z
29) and C3H5

� (m/z 41) appear in addition to the already
observed C4H9

� and C4H11O�. To judge whether these ions are
preexisting species or secondary products due to molecular
fragmentation, we examined their yields as a function of
impact energy, as we did before in Figure 2. Figure 4a shows
that C4H9

� and C4H11O� ions are emitted even at 10 eV,
whereas the C2H5

� and C3H5
� emission exhibits a threshold at

15 ± 20 eV. The relative intensity ratios of these signals are
plotted in Figure 4b. The gradual decrease of the C4H9

� and

Figure 4. a) Ion intensities as a function of Cs� energy. Solid symbols
represent the signals from a (CH3)3COH film exposed to 0.3 L of HBr, and
open symbols, from a pure (CH3)3COH film. The sample temperature was
100 K. The inset magnifies the threshold energy region. b) Signal intensities
of C4H9

�, C4H11O�, C2H5
�, and C3H5

� from the HBr-exposed (CH3)3COH
film are shown for their relative abundance.

C4H11O� curves at higher energy is characteristic of intact
desorption of preformed ions. On the other hand, the
C2H5

�and C3H5
� curves start from zero to increase gradually

for higher energy, indicating that they are produced from
fragmentation of C4H9

� and C4H11O�. Shown also in Figure 3a
are the emission intensities of the same ions from a pure
2-methylpropan-2-ol film. The ion emission is observed only
at � 25 eV on this surface with very weak intensity. The
difference in the threshold energies and the energy depend-
ency in ion yields prove the preexistence of C4H9

� and
C4H11O� ions on the surface, which are formed in the reaction
of HBr with 2-methylpropan-2-ol.
In addition to the peaks shown in Figure 3c, a 40 eV

spectrum contains more peaks that have too small intensity to
be visible in the displayed scale of Figure 3c. Table 1
summarizes all the peaks observed at 40 eV, together with
their relative intensity and classification of their origins
(preexisting or fragmented by the collision). The peak origin

was deduced from energy dependency of the corresponding
signal. In Table 1, H3O� is interpreted to be formed when
water molecules, released from protonated alcohol, are
protonated by HBr. CsHBr� is seen at m/z 212 and 214,
which indicates that a small portion of HBr remains undis-
sociated at the surface. CsC4H9Br� appears with a very small
intensity at m/z 269 and 271. Most of the peaks in Table 1 do
not vary in intensity with surface temperature (100 ± 150 K) or
reaction time (0 ± 30 min), except that C4H11O� and
CsC4H9Br� signals increase slightly at higher temperature.

We examined the CsC4H9Br� signal in more detail, since
this is the end product of the 2-methylpropan-2-ol reaction in
liquid. Firstly, to check if RIS can properly detect C4H9Br, we
adsorbed C4H9Br on a new 2-methylpropan-2-ol film and
analyzed the surface by RIS. Figure 5a shows a 40 eV
spectrum obtained on a pure 2-methylpropan-2-ol film, and
Figure 5b, a C4H9Br-adsorbed alcohol film. The two spectra
show almost identical features, but small extra peaks are seen
atm/z 269 and 271 in Figure 5b, representing CsC4H9Br�. This
shows that C4H9Br is properly detected by RIS and does not

Figure 5. Cs�RIS mass spectra from a pure (CH3)3COH film a) and from a
(CH3)3COH film covered with 0.2 ML of C4H9Br b). Cs� collision energy
was 40 eV.
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Table 1. List of the peaks observed from a HBr/(CH3)3COH surface upon
40 eV Cs� impact.

m/z Peak Assigned formula Relative height [%][a] Origin

19 H3O� 1.5 preexisting
29 C2H5

� 25 fragmented
41 C3H5

� 11 fragmented
57 C4H9

� 57 preexisting
75 C4H11O� 5 preexisting
93 C4H11O ¥H2O� � 0.5 preexisting
151 CsH2O� 81 preexisting
169 Cs(H2O)2� 4 preexisting
207 CsC4H10O� 13 preexisting
212, 214 CsHBr� 2 preexisting
269, 271 CsC4H9Br� � 0.02 preexisting

[a] The relative peak heights are calculated separately for low-energy
sputtered ions (m/z � 133) and RIS products (m/z � 133).
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fragment significantly, as deduced from the unchanged C4H9
�

intensity. Secondly, we quantitated the RIS detection sensi-
tivity for C4H9Br through calibration experiments on 2-meth-
ylpropan-2-ol films with various C4H9Br coverages. The
absolute coverage of C4H9Br was estimated from the decay
rate of CsC4H10O� signal which comes from the underlying
alcohol film. A linear calibration plot was obtained for
CsC4H9Br� intensity versus C4H9Br coverage in the range of
0.05 ± 1.0 ML, from which the amount of C4H9Br product in
Table 1 was estimated to be about 0.005 ML. This value
corresponds to the C4H9Br formation yield of 2% in the
reaction of HBr with a 2-methylpropan-2-ol film. A small
portion of unionized HBr remained on the surface was
ignored in the yield calculation. The other products of the
reaction, tert-butyl carbocation and protonated 2-methylpro-
pan-2-ol, have the branching ratio of 78 and 20%, respec-
tively, as deduced from their peak intensities in Figure 3b by
assuming that their sputtering efficiencies are the same.

Discussion

According to the results shown in the previous section, the
reactions on the frozen alcohol surfaces can be summarized as
follows. HBr reacts with an ethanol surface to exclusively
produce protonated ethanol. On a 2-methylpropan-2-ol sur-
face, the major species formed are protonated 2-methylpro-
pan-2-ol (20%) and tert-butyl cation (78%). A large fraction
of the former is transformed to the latter by loss of water.
Although both alcohols produce alkyl bromides as the final
products in liquid, the yields for alkyl bromides on the cold
surfaces are almost negligible (� 0.3% for ethyl bromide and
2% for tert-butyl bromide). It can be noticed that the products
identified in this work are the intermediates of the liquid-
phase reactions. This gives a good reason to believe that the
reaction on a frozen molecular surface has the same reaction
path (potential energy surface) as that for liquid alcohol.
Molecular constituents are basically the same in both environ-
ments. The big difference, however, is whereas a liquid-phase
reaction easily finds the lowest energy path of the potential
energy surface and goes all the way to final products due to
high mobility of the reagents, this is not the case on a frozen
film. Scheme 2 summarizes the mechanistic paths on frozen
alcohol films based on the present results. In the liquid phase,
the reaction of HBr with primary alcohol produces alkyl
bromide with a yield typically greater than 80%, and
protonated alcohol is never stabilized. On the other hand,
the frozen molecular surface blocks the formation of the SN2

transition state in the ethanol reaction and traps the proto-
nated ethanol intermediate. For the reaction of tert-butyl
alcohol, the rate-determining step in liquid solvent is hetero-
lytic dissociation of the reactant to a carbocation and the
leaving group. The dissociation is followed by rapid combi-
nation of the carbocation with a nucleophile present in the
medium, forming tert-butyl bromide. This SN1 reaction is
governed by thermodynamics. On the cold surface, the
heterolytic dissociation of the protonated tert-butyl alcohol
does occur with a yield of about 78%, but the next process
which combines (CH3)3C� and Br� is prohibited. Note that
only tert-butyl alcohol goes beyond the protonation step to
isolate the carbocation. Therefore, the reactions of primary
and tertiary alcohols result in different product distributions
on the frozen surfaces, unlike for liquid reactions. Subtle
chemical difference of the reagents is highlighted on the cold
surface, enhancing selectivity of the reactions.
The intermediates in the SN1 and SN2 reactions of alcohols

have long been a subject of physical organic chemistry
research. These intermediates are too reactive to be stabilized
and directly observed in ordinary reaction conditions. Laser
flash photolysis studies[36±37] showed that simple alkyl cations
have lifetimes shorter than 10�10 s in water, methanol, and
ethanol solvents at room temperature. Stable carbocations
have been isolated in superacid solvents such as SbF5, and in
such environment the first direct observation of tert-butyl
cation was made by NMR spectroscopy.[38] Since then, various
spectroscopic methods[39±42] have yielded information on the
structure and reactivity of carbocations, including X-ray
photoelectron spectroscopic study of carbocations isolated
in a superacid matrix at low temperature.[42] The present study
gives the first example of isolating and identifying tert-butyl
cation and protonated alcohols on a molecular surface that
has the same chemical composition as an ordinary medium.
The surfaces do not have extremely weak nucleophiles as in
superacid solvent, and only the temperature cooling was
necessary to isolate the intermediates. Since tert-butyl cation
is stabilized on the surface but ethyl cation is not, the relative
stability of the carbocations appears to go parallel with the
gas-phase and liquid-phase trends; this confirms the inherent
stability of carbocation outweighs the solvent effect.
We interpret that the isolation of reaction intermediates in

this work is a result of kinetic stabilization rather than a
thermodynamic consequence, since thermodynamically the
reaction paths are identical on a frozen surface and in a liquid
medium, as mentioned before. This interpretation is consis-
tent with the observation that the proton transfer in the H3O�/

NH3 system is incomplete on
water-ice surfaces;[28] the pro-
ton-transfer yield is far too
small compared to the thermo-
dynamic yield in liquid or gas
phase, and is governed by the
reagent diffusion on ice. In the
present case, close examination
of Scheme 2 reveals that the
frozen surfaces preferentially
stabilize ionic species and pro-
hibit their further reactions. For
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Scheme 2. Summary of the mechanistic paths on frozen alcohol films.
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example, protonated alcohols and tert-butyl cation are iso-
lated along the reaction paths. Also, the nucleophilic attack of
protonated ethanol by Br� is almost completely blocked, and
so is the combination process of tert-butyl cation and Br�. On
the other hand, reactions involving movement of neutral
molecules are facile, such as the initial reactive encounter of
HBr with alcohols producing protonated alcohols and the
liberation of water molecule from (CH3)3COH2

�.
The preferential stabilization of ionic species in the reaction

paths suggests that the reactant mobility is a critical factor
which controls the reaction behavior on the cold surface.
Ethanol and 2-methylpropan-2-ol molecules are expected to
be somewhat mobile on the surface at the employed temper-
ature, since water molecules are known[25, 26] to be so at this
temperature on a water-ice film, and the melting temperature
of water-ice (273 K) is higher than that of ethanol (159 K) and
comparable to 2-methylpropan-2-ol (298 K). Ethanol mole-
cules are expected to be rotationally activated at this temper-
ature on the surface, as they are known[29, 30] to be in the bulk
state. Such active diffusion and rotation of alcohol molecules
will make their reactive encounters facile. On the other hand,
ions such as C2H5OH2

�, (CH3)3C�, and Br� are solvated, at
least partially, by alcohol molecules on the surface, such that
their mobility is greatly reduced. It has been reported[27, 28] that
hydronium and ammonium ions are immobile on ice, and the
immobility reduces the proton transfer yield from H3O� to
NH3. We believe that such ion immobility prohibits the
surface diffusion and attack of a Br� nucleophile to C2H5OH2

�

or (CH3)3C�. As such, these ions become trapped between the
kinetic barriers. Another factor that may contribute to ion
stabilization is the formation of a solvation shell around an ion
which has a rigid structure at low temperature. The rigid
solvation shell is difficult to be penetrated by a counter ion
which is also solvated. In addition, the molecular motions are
restricted in two-dimension on the surface. This will hinder
formation of a transition state in the optimal three-dimen-
sional geometry. This effect can be particularly serious in the
ethanol reaction which requires to form the SN2 transition
state through concerted bond-making and breaking processes.
A few extra points may be mentioned about the kinetic

stabilization and its possible consequences. At the temper-
ature of frozen alcohol films, the reaction must be initiated by
chemical energy of the reactants since there is not enough
thermal energy. The proton affinity of an alcohol provides the
driving force for HBr ionization and alcohol protonation. The
extra energy released in this step can either be utilized for the
next step of carbocation formation or just be dissipated to the
surface. Once carbocation or protonated alcohol is formed,
they get quenched and trapped almost permanently between
the kinetic barriers. In our observation the trapped ions are
not transformed to other species up to 30 min at 100 K. Such a
feature clearly distinguishes the kinetic trapping from the
reduction of thermal reaction speed. The ions trapped on a
frozen surface can be regarded as stable products under the
given reaction condition, rather than transitory intermediates.
The kinetic trapping often results in diverse products com-
pared with those of liquid-phase reactions which are thermo-
dynamically converged, simple species. Also, subtle chemical
difference between the reactants can be amplified on a frozen

surface to increase the product diversity, as mentioned before.
These aspects might have implication for the molecule
formation process in interstellar space as proposed[4±10, 23] to
take place on the surface of interstellar dust particles covered
with ice mantle of simple molecules such as H2O, CO, CO2,
and CH3OH. The molecules can break apart upon bombard-
ment by energetic photons or cosmic ray particles to produce
reactive fragments. Some reactions may occur solely from
chemical energy upon encounter of reactants according to the
present finding, but certainly these external energy sources
can greatly increase the reaction yield and the range of
products. The reactive species created will remain frozen in
the cold environment of ice mantle (T� 50 K) for some time.
Ionic species, if formed, will be isolated for much longer time
than neutral species. Such kinetic trapping may help increas-
ing molecular complexity by stabilizing various intermediates
and having them available for next reactions.

Conclusion

This work has demonstrated that a low-temperature molec-
ular film provides a unique environment for organic reaction.
Simple alcohol molecules do undergo facile reactions with
HBr, but their reactivity is quite different from that in the
liquid solvent. Reaction of HBr with an ethanol surface
produces protonated ethanol as the final product. On a
2-methylpropan-2-ol surface, the major products observed are
protonated 2-methylpropan-2-ol and tert-butyl cation. Alkyl
bromides are hardly formed in both reactions, although they
are exclusive final products in the reactions in liquid solvents.
Unique features of the frozen surface reactions can be
summarized as follows: i) the reactions are controlled by
kinetics rather than by thermodynamics, ii) the kinetic control
leads to isolation of reaction intermediates, iii) ionic species
are preferentially stabilized in the reaction path, and iv) the
reactivity of primary and tertiary alcohols is well distinguished.
A molecular interpretation is suggested for these observa-

tions in terms of reactant mobility. While neutral alcohol
molecules are mobile and rotationally activated on the
surface, ion mobility is greatly reduced due to partial solvation
of an ion by alcohol molecules. The reduced ion mobility
prohibits the diffusive encounter between Br� and a counter
ion such as C2H5OH2

� and (CH3)3C�, thus effectively blocking
the completion of the SN1 and SN2 pathways. Other factors
that may additionally contribute to the ion trapping include
the rigid solvation shell formed around an ion, and the two-
dimensional restriction in forming the optimal geometry of
the transition states.
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