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The melting of ordered monolayers of n-hexane, n-octane, and n-decane adsorbed on Pt( 11 1) has been studied 
by reflection-absorption infrared spectroscopy (RAIRS). Each alkane forms an overlayer at low temperatures 
(< 160 K) that is characterized by both quasi-long-range translational and orientational order. Previous low- 
energy electron diffraction (LEED) studies suggested that the alkanes are arranged on the surface in the 
all-trans conformation, and this has been confirmed by RAIRS. The low-temperature ordered state is 
distinguished by the presence of a sharp, resolved set of soft modes near 2760 cm-I. The perturbation of the 
frequencies of some of the C-H oscillators due to the presence of M***H-C interactions between the adsorbed 
n-alkane molecules and the surface has a dramatic effect on the RAIR spectra. Specifically, there are two 
RAIR-allowed methylene VC-H stretching modes: one which largely involves motion of the methylene C-H 
bond that projects away from the surface (the distal C-H bond) and another that largely involves motion of 
the near-surface @e., proximal) C-H bond. We have assigned these modes to the bands at -2909 and 
-2760 cm-’, respectively. The assignments for the “methyl” modes seen at -2947, 2929, and 2810 cm-’ 
follow in this same spirit: one C-H bond of the methyl groups interacts with the surface, and the resulting 
shift in the frequency of this oscillator to 2810 cm-’ serves to decouple it from the vibrations of the other 
two. At higher temperatures, a transition occurs to a one-dimensionally ordered (possibly “hexatic”) phase 
in which translational order has been lost along the long axis of the molecules but orientational ordering is 
maintained; the approximate 2D - 1D transition temperatures are 187 K for n-hexane, 212 K for n-octane, 
and 225 K for n-decane. Upon transforming to this hexatic phase, the C-H stretching bands (especially the 
soft modes) broaden substantially and shift in frequency; these spectroscopic changes reflect the inhomogeneity 
generated upon translation of the chains relative to their positions in the ordered 2D phase. At higher 
temperatures (210 K for hexane, 240 K for octane, and 270 K for decane), the RAIR spectra suggest that the 
order-disorder transition noted by LEED yields a population of alkane molecules in which trans segment 
conformations predominate, but a small population of gauche kink defects is present as well. As expected 
for true phase transitions, all changes noted by RAIRS are reversed when the samples are cooled. The 
conformational dynamics seen on a Pt( 11 1) surface are compared with those that occur in the premelting and 
melting transitions of bulk n-alkane crystals. The present data also answer a long standing question about 
the mechanism of mode softening: the line widths of soft modes are determined largely by the degree of site 
homogeneity and thus are acutely sensitive to the conformational, rotational, and translational order of the 
adsorbate overlayer. 

Non-three-dimensional phase transitions continue to attract 
a great deal of interest because of the rich physics that 
characterizes these phenomena and the powerful way in which 
theory and experiment can interact.’ Of particular interest are 
the dynamics associated with the melting of a two-dimensional 
film. The theory behind this process was initially developed 
by Kosterlitz and Thouless2 and later expanded upon by Nelson 
and H a l ~ e r i n ~ . ~  and by Young5. According to these authors, 
the distinction between melting in three dimensions and in two 
dimensions is that the latter does not have to be a single 
discontinuous transition; rather, in a two-dimensional system, 
there can exist a “hexatic” phase whose properties are inter- 
mediate between those of the ordered solid and the disordered 
liquid. 

The two-dimensional solid phase is characterized by quasi- 
long-range bond-orientational and translational order. At the 
melting transition (Tm), the translational ordering of the 
adsorbate becomes short ranged. In a hexatic phase, however, 
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quasi-long-range bond-orientational ordering remains. At the 
isotropic transition (C), the thermal energy of the adsorbate 
becomes sufficient to transform the hexatic phase to a disordered 
state that exhibits only short-range translational and bond- 
orientational order. 

Many systems have now been examined experimentally to 
determine whether this theoretical picture is correct. The 
majority of these systems involve gases adsorbed onto exfoliated 
graphite surfaces. On this substrate, the melting transitions of 
ordered ethane6 and monolayers are evidently 
continuous and thus probably proceed via an intermediate 
hexatic phase. Interestingly, methane9 and butane,’O which 
might be predicted to melt in a similar fashion, actually exhibit 
a single, discontinuous transition. HexaneIo-l2 and 
are interesting since the different methods used to study the 
melting transitions have produced conflicting results. The 
continuing interest in two-dimensional melting phenomena 
arises, in part, from the nonintuitive and unpredictable behavior 
exhibited by structurally similar adsorbates. 

Several generally predictive structure-property relationships 
can be deduced from the current literature, however. First, the 
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temperature range over which the hexatic phase exists appears 
to be related to both the size and shape of the molecule.8*12 
Second, the dynamics of the transition also depend sensitively 
on molecular shape. For spherical molecules (and the rare 
gases) melting is proposed to occur via the formation of 
dislocation pairs.I5 Nonspherical molecules (such as ethylene 
and hexane), however, are not thought to melt in this way. In 
the case of ethylene, it has been proposed that open sites are 
formed on the surface when one molecule slides partially under 
its n e i g h b ~ r . ~ . ~  On the other hand, hexane is thought to form 
site vacancies by changing from its initial all-trans conformation 
to one with gauche kinks.I2 The melting transitions of these 
latter two molecules thus do not occur strictly in two dimensions 
but rather utilize displacements along the surface normal 
direction to open up a "site". This process has been termed 
footprint reduction.lo,l2 

Valuable information about the details of two-dimensional 
melting phenomena has been obtained from heat capacity 
measurements and from low-energy electron (LEED), neutron, 
and X-ray diffraction experiments. From such studies it is 
possible to determine whether the phase transition is or is not 
discontinuous and to establish the nature of both the short- and 
long-range order present in the surface overlayer. 

Relevant to the present study, Firment and Somojai (FS) 
described LEED patterns obtained from a homologous series 
of n-alkane monolayers adsorbed on Pt( 11 1).l6 This pioneering 
work established that temperature-dependent ordering transitions 
occur in these systems and that at intermediate temperatures 
the alkane chains are ordered in only one dimension. This early 
work has not been extensively referenced by the larger com- 
munity exploring the low-temperature phase transitions of noble 
gases or small molecules adsorbed on nonmetallic substrates 
such as graphite. This omission seems quite significant to us 
because the diffraction data reported by FS constitute a seminal 
and elegant demonstration of the unique aspects of two- 
dimensional melting phenomena. 

The present study follows directly from the insights developed 
by FS. We have used reflection-absorption infrared spectros- 
copy (RAIRS) to obtain detailed information about the order- 
order and melting transitions of several n-alkanes adsorbed on 
Pt(ll1). Reflection-absorption infrared spectroscopy is an ideal 
tool with which to address the orientation and structure of an 
adsorbed molecule. The vibrational modes of a large number 
of molecules have been catalogued and tend to fall in specific 
regions of the ~pec t rum. '~ . ' ~  Computational methods are also 
available which allow the normal coordinates of the vibrational 
modes of even fairly complex molecules to be calculated with 
reasonable precision. Furthermore, comparisons of the RAIR 
data with infrared spectra of discrete complexes can help 
establish how the adsorbate bonds to the surface. Thus, the 
identity and structure of complex adsorbates can often be 
determined with precision. 

The analysis of adsorbate structure by RAIRS is aided by a 
valuable selection rule: only those vibrational modes which have 
a non-zero projection onto the surface normal are observable. 
For a monolayer of an adsorbate, the intensity of a band relative 
to its intensity in an isotropic sample (such as a multilayer) can 
often be used to determine the approximate orientation of the 
mode, and thus of the molecule, relative to the ~ u r f a c e . ' ~ - ~ ~  
The line shapes of the bands can also provide information about 
the local molecular environments of the adsorbate.23 

In this study, we describe the structure of monolayers of 
n-hexane, n-octane, and n-decane adsorbed on Pt(ll1) as a 
function of temperature. The present data have provided 
important information about the surface interactions, molecular 

conformations, and molecular orientations present in the various 
phases. The broadening of certain RAIR bands and the 
appearance of new bands in the spectra have suggested a specific 
mechanism for the formation of the defect sites necessary to 
allow the melting transitions noted by LEED. We also compare 
the melting behavior of alkanes adsorbed on R( 11 1) with the 
well-characterized three-dimensional phase transitions that 
precede the melting of crystalline n -a lkane~ .~~ ,*~  

This study provides important insights in several other areas 
of interest as well. As mentioned above, most two-dimensional 
melting phenomena have been studied on a graphite substrate; 
few such studies have been reported for metal surfaces.26 Our 
study will help to clarify how the identity of the substrate affects 
the nature of the phase transitions exhibited by the adsorbates. 
Our study also examines adsorbates which are intermediate in 
size between the small adsorbates mentioned above and such 
systems as liquid crystals,27 long-chain alkanes (C12H26, C18H38, 
C28H58, and C32H66),28 Langmuir-Blodgett films,29 and self- 
assembled monolayers (SAMs).30 The data described here thus 
provide a useful bridge to these latter complex systems. 

Finally, we note that the interaction of hydrocarbons with 
many metallic substrates leads to significant perturbations of 
some of the C-H stretching modes, an effect often referred to 
as mode s ~ f t e n i n g . ~ ' , ~ ~  Although such soft modes have not been 
seen previously for n-alkanes adsorbed on Pt(l1 in this 
report we demonstrate that they are in fact present and are 
atypically sharp in the ordered state but broaden at temperatures 
high enough to effect the order-order and order-disorder 
transitions of the chain. We show how the present data can be 
interpreted to answer a long standing question about the 
mechanism of mode softening, viz., why the line widths of soft 
modes are usually so large. 

Experimental Section 

The ultrahigh vacuum (UHV) chamber used in this work has 
been described previously; only a summary will be given here. 
The reflection-absorption infrared spectroscopic (RAIRS) 
studies were performed in a stainless steel chamber equipped 
with turbomolecular and titanium sublimation pumps, an ion 
sputtering gun, a mass spectrometer for temperature-pro- 
grammed reaction spectroscopy (TPRS), and an Auger electron 
spectrometer (AES); the base pressure was -3.0 x Torr.34 
Typically, 1024 scans were collected at 4 cm-' resolution for 
each sample, giving an acquisition time of approximately 7 min. 
The F't( 11 1) crystal was purchased from Come11 Laboratories, 
oriented to within OS", and polished to a fine mirror finish by 
standard metallographic techniques. The crystal was cleaned 
by heating it in the presence of 1 x Torr of 0 2  for 2 min 
followed by annealing it at 1000 K for 1 min. AES indicated, 
in all cases, that there was no detectable carbon or oxygen on 
the crystal surface (<OS atom %). 

The n-alkanes hexane, octane, and decane were purchased 
from Aldrich (>99% pure) and were thoroughly degassed before 
being used. The alkanes were introduced into the chamber 
through an effusive doser positioned -5 cm from the crystal 
face. Exposures are reported in Langmuirs (1 L Torr 
s) and are not corrected for ion gauge efficiency. 

We have performed two general types of RAIRS experiments. 
In the constant temperature studies, the alkane was dosed onto 
a crystal held at a specific temperature and the data were 
collected at this same temperature. If alkane desorption was 
competitive on the time scale of the experiment, a constant 
pressure of the alkane sufficient to saturate the surface was dosed 
into the chamber throughout the data collection period. In the 
annealing studies (the other type of experiment), a background 
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Figure 1. Reflection-adsorption infrared spectra for saturated mono- 
layers of (a) n-hexane, (b) n-octane, and (c) n-decane adsorbed on a 
clean Pt(ll1) surface at 110 K. 

spectrum of the clean surface was collected at 110 K and a 
monolayer of alkane then added to the surface. The crystal 
was then annealed at a specified temperature for several minutes 
and cooled to 110 K, and the RAIR spectrum was then collected. 
These experiments were performed in order to differentiate 
changes in the spectrum due to phase transitions and those due 
to surface reactions. 

Results 

The data which follow were obtained from a series of 
experiments on three prototypical alkanes-n-hexane, n-octane, 
and n-decane-adsorbed on Pt( 11 1) under a variety of condi- 
tions. For clarity of discussion, we present the data in a unified 
manner to help illustrate the systematic trends in structure and 
properties found across the series. 

RAIR Spectra of n-Alkanes on Pt(ll1) at 110 K. Figure 
1 shows RAIR spectra obtained for saturated monolayers of 
n-hexane (Figure la), n-octane (Figure lb), and n-decane (Figure 
IC) adsorbed on Pt( 11 1) at 110 K. The band positions and mode 
assignments for these spectra (which are discussed below) are 
summarized in Tables 1-3. There are several seriek of bands 
evident in the high-frequency region of the spectra; some of 
these fall into a “normal” frequency range for C-H stretching 
motions of an alkane (2850-2960 cm-I) whereas others (2650- 
2800 cm-I) lie well below the normal range. The dependence 
of the integrated band intensities on the chain length clearly 
identifies which bands are assignable to vibrational modes of 
the methyl groups of the n-alkane adsorbate and which are 
assignable to the methylene groups: modes whose intensities 
increase with increasing chain length must be associated with 
the methylene groups. Thus, the pair of bands seen at -2929 
and -2947 cm-’ are assigned to C-H stretching motions of 
the CH3 groups, and the bands centered at -2898 cm-’ are 
C-H stretching motions of the CH2 groups.35 The low- 
temperature RAIR spectra also show a small shoulder near 2880 
cm-I whose assignment is unclear. 

Besides the C-H stretching bands that appear in the “normal” 
frequency region, there are several broad bands below 2850 
cm-I that are assigned to perturbed C-H stretching modes. The 
chain length dependence of the intensities of these low- 
frequency “soft” modes once again allows us to make a specific 
assignment to particular C-H bonds in the alkane chain. The 
most intense feature in this region (the band centered at -2760 
cm-I) increases in intensity with increasing chain length; for 
this reason we assign it to the soft modes of the C-H bonds 

associated with the methylene groups. The other bands at 
-2665, -2695, and -2810 cm-’ cannot be assigned as directly 
based on these data alone. From isotopic labeling studies (data 
not shown), we have determined that the feature at -2810 cm-’ 
is due to a soft mode of the methyl The other two 
features are believed to be soft C-H stretching modes of chain- 
end methylene groups and/or overtones of bending vibrations. 
Finally, we note in passing that n-alkanes on Pt( 11 1) have been 
examined by others, and soft modes were not detected.33 
Firment and Somorjai pointed out that the substrate quality and 
cleanliness significantly influence the ordering of n-alkane 
chains on Pt( 11 l),I6 The present work will show that ordering 
very sensitively influences the nature of the mode softening seen 
in this system. 

The low-frequency region contains little information. The 
one significant feature noted for each adsorbate is a split band 
centered at -1445 cm-I. We assign this to a bending motion 
of the CH3 groups. 

The data in Figure 1 strongly suggest that all three alkanes 
form self-similar structures on Pt(ll1). The structure most 
consistent with the data (see Discussion) is one in which the 
chains adopt an all-trans conformation and are bound with the 
plane of the carbon backbone parallel to the plane of the surface. 
This structure is precisely the same as that proposed to account 
for the data of FS.I6 We do not see any evidence of tilting of 
the hydrocarbon skeletons, which has been suggested to occur 
for n-butane and n-hexane on graphite 

We have carried out experiments that demonstrate that the 
“soft” modes originate from the direct contact of the alkane 
with the surface (Figure 2). To obtain these spectra, the 
platinum surface was first dosed with sufficient H2 gas (’60 
L) to give a saturation coverage of adsorbed H atoms. The 
sample was then exposed to a submonolayer dose of the 
n-alkane, and the RAIR spectra were recorded. The hydrocar- 
bon chains are only weakly bound to the hydrogen-covered 
surface and desorb at a temperature near that found for chains 
present in a multilayer. For this reason, we did not attempt to 
saturate the surface with a full monolayer of the alkane. Only 
three bands are seen in each spectrum (2942, 2914, and 1453 
cm-I), and these are assigned to the antisymmetric methyl 
stretch (rb-), the antisymmetric methylene stretch (d-), and 
antisymmetric methyl deformation modes, respectively. Nota- 
bly, soft modes are completely absent (similar spectra are seen33 
for multilayers of n-alkanes on platinum surfaces). The data 
thus suggest that the structures of n-alkanes on the Pt( 11 1) and 
Pt( 11 1)-H surfaces are essentially identical, although the 
RAIRS spectra of alkanes adsorbed onto the latter surface are 
greatly simplified owing to the lack of strong bonding interac- 
tions with the substrate. 

RAIR Spectra of n-Alkanes on Pt(ll1) at Higher Tem- 
peratures. Figure 3 shows the high-frequency region of RAIR 
spectra of monolayers of n-hexane (Figure 3a), n-octane (Figure 
3b), and n-decane (Figure 3c) which have been annealed at a 
series of progressively higher temperatures; the spectra were 
taken after the samples had been recooled to 110 K. The highest 
annealing temperatures are above those sufficient to promote 
the 2D - 1D phase transition described by FS. The data reveal 
that, even when the monolayer is annealed at temperatures near 
the desorption threshold, the spectra obtained after recooling 
closely resemble those seen for monolayers that have not been 
heated; even the band structure seen for the soft modes is not 
affected by the annealing steps. This result clearly suggests 
that any annealing step which does not result in desorption of 
the adsorbate only minimally affects the structure adopted by 
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TABLE 1: Mode Assignments for n-Hexane on Pt(ll1) 
temp (K) CH3 d(C-H) agostic CHz v(C-H) CH3 Y(C-H) 

110 1437. 1445 2665.2748.2808 2891.2901 2926,2947 
110 (H2) 
165 
175 
185 
195 
205 
215 
225 
110, 180" 
110, 193" 
110,208" 
110,2200 

a Spectra taken 

1454 
1439, 1445 2660,2750,28 12 
1439, 1447 2658,2749,2816 
1439, 1446 2662,2754,28 16 
1441, 1447 (sh) 2660,2770 
1441 2794 
1448, 1456 2810 
1449, 1456 2806 
1439, 1447 2667,2748,2816,2835 
1439, 1447 2667,2750,2816,2835 
1440, 1447 2667,2750,28 18 
1441, 1450 2669,2756,2831 

at 110 K after annealing at the indicated temperature. 

TABLE 2: Mode Assignments for n-Octane on Pt(ll1) 

2912 
2895 (sh), 2903 
2892 (sh), 2903 
2894 (sh), 2905 
2893 (sh), 2907 
2905 
2909 
2893 (sh), 2909 
2894,2903 
2893 (sh), 2903 
2895 (sh), 2905 
2897 (sh), 2905 

2947 
2928,2947 
2928,2947 
2930,2945 
2932,2949 
2932,2945 
2936,2943 (sh) 
2938,2945 (sh) 
2928,2949 
2928,2949 
2929,2949 
2930.2949 

temp CH3 d(C-H) agostic v(C-H)~ CHz v(C-H) CH3 v(C-H) 

110 1439, 1447 2666,2698,2752,28 18 
110 0 3 2 )  1452 
155 1439, 1447 2668,2698,2758,2826 2878 
195 1439, 1446 (sh) 2670,2700,2756,2822 2876 
205 1441 2670,2700,2762,2822 2880 (sh) 
215 1441 2770 2882 (sh) 
225 1445 2783 2880 (sh) 
235 1449 
245 1452 
255 1450 
110, 155" 1447 2880 
110, 175" 1445 
110, 195" 1449 
110, 215" 1445, 1449 
110, 235" 1445 
110, 255" 

Spectra taken at 110 K after annealing at the indicated temperature. 

TABLE 3: Mode Assignments for n-Decane on Pt(ll1) 

Assignment unclear. 

2897 (sh), 2903 
2909 
2897 (sh), 2903 
2998 (sh), 2905 
2899 (sh), 2905 
2905 
2905 

2899 (sh), 2903 

2928,2947 
2943 
2928,2947 
2930,2947 
2930,2947 
2932,2945 
2932,2945 

2932,2947 

temp CH3 6(C-H) agostic 

110 1441, 1450 2693,2765 
110 (Hd 1456 
175 1443, 1449 2694,2765 
195 1449 269 1,2765 
215 1445, 1452 2765 
225 1449 2768 
235 1443, 1450 2790 
255 1452 2830 
275 1454 
295 
110,210" 1441, 1447 2662,2687,2750,2824 
110,235" 1443 2666,2694,2760,2833 
110,260" 1445, 1450 (sh) 2694,2770 
110,270" 

a Spectra taken at 110 K after annealing at the indicated temperature. 

the n-alkane overlayer at 110 K. This establishes that the phase 
transitions are reversible, as suggested by the LEED studies of 
FS.I6 

The desorption of n-hexane from the monolayer becomes 
kinetically significant at temperatures near 220 K. Spectra taken 
after annealing near this threshold show that the bands become 
less intense due to the desorption of some fraction of the 
monolayer. The invariance of the RAIR data despite this 
reduction in surface coverage suggests that the adsorbate 
molecules which remain are present in islands. The trends 
evidenced for n-octane and n-decane follow similarly except 
that the desorption thresholds are -235 and -260 K, respec- 
tively. The slight narrowing of the bands seen after modest 
heating is consistent with the annealing of defects in the 
overlayer. 

v(C-H)~ CHz v(C-H) CH3 v(C-H) 

2887 2903 2932,2947 

2886 2903 2934,2949 
2886 (sh) 2905 2932,2949 
2891 (sh) 2905 2934,2947 (sh) 
2886 2905 2932,2943 (sh) 
2889 (sh) 2905 2934,2947 (sh) 
2887 (sh) 2909 2947 

2905 2934,2941 
2903 2934 

2874 290 1 2928,2947 
2876 290 1 2930,2947 
2891 (sh) 2901 2930,2947 
2887 290 1 2932 

2914 2947 

Assignment unclear. 

Examination of the low-frequency region (not shown) showed 
that annealing produced no changes in the weak, split methyl 
deformation mode seen for each adsorbate near 1450 cm-I. 

The above spectra were all taken at 110 K. Spectra taken at 
high temperatures during the annealing process (Figures 4-6) 
demonstrate that very significant changes occur in the organiza- 
tion of the chains on the surface as the temperature is raised. 
The temperature at which these changes become noticeable 
increases with the chain length. For n-hexane (Figure 4), the 
soft C-H stretching modes are well-resolved at 165 and 175 
K; this is above the 140 K multilayer desorption temperature 
for n-hexane on Pt( 11 l), so it is clear that these features do in 
fact arise from the monolayer. At temperatures between 175 
and 185 K, the soft modes begin to broaden into a single poorly 
resolved feature. Between 205 and 215 K, the soft modes nearly 
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Figure 2. Reflection-adsorption infrared spectra for monolayers of 
(a) n-hexane, (b) n-octane, and (c) n-decane adsorbed on a hydrogen- 
predosed Pt( 1 1  1 )  surface at 110 K. 

disappear and the CH2 stretching mode and the CH3 deformation 
modes are no longer split. At higher temperatures (225 K), in 
the presence of a background pressure of hexane sufficient to 
keep a monolayer of n-hexane on the surface, we obtain a simple 
spectrum in which the soft modes are greatly weakened 
broadened. 

The results of temperature-dependent RAIRS studies of 
n-octane and n-decane were qualitatively similar to those 
obtained for n-hexane (Figures 5 and 6). For n-octane (Figure 
5 ) ,  an apparent phase transition occurs at temperatures near 
215-225 K as indicated by a substantial increase in the line 
widths of the soft modes. Between 235 and 245 K, the soft 
modes disappear completely. Above this temperature, the 
spectra suggest that a significant change in the organization of 
the chains has occurred: three major, albeit broad, bands are 
observed in the normal C-H stretching region. For n-decane 
(Figure 6), the approximate transition temperature (at which the 
soft C-H stretching modes broaden) is between 215 and 235 
K. At higher temperatures, between 265 and 275 K, the soft 
modes disappear altogether. We note that the CH3 deformation 
modes are weak or absent in these latter ~pectra.~' 

Apart from the changes seen in the soft modes, the most 
pronounced effect of temperature is seen in the methyl C-H 
stretching vibrations at -2928 and 2947 cm-'. At higher 
temperatures, these two bands broaden, shift significantly in 
frequency, and ultimately become very poorly resolved. Much 
less dramatic changes occur in the methylene C-H stretching 
modes centered at -2901 cm-I, which merely broaden slightly. 
We believe this difference in behavior reflects temperature- 
dependent changes in the conformation of the n-alkane chains. 
Specifically, the greater change seen in the methyl C-H 
stretching region suggests that gauche kink defects are present 
in the alkane monolayers at higher temperatures but that these 
defects are distributed preferentially near the ends of the chains. 
It is important to note, however, that even at temperatures near 
those where the n-alkanes desorb, the spectra are still consistent 
with a monolayer structure in which the chains consist pre- 
dominantly of strings of trans segments oriented in a plane 
parallel to the surface. The fraction of molecules with gauche 
kinks appears to be small. 

For all three n-alkanes, the changes noted in the RAIR spectra 
occur at temperatures that closely match those of the disordering 
transitions noted previously by LEED.I6 Furthermore, the 
changes noted are completely reversible; when the surface is 
annealed, RAIR spectra are obtained that are essentially identical 
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Figure 3. RAIR spectra obtained by annealing saturated monolayer 
coverages of (a) n-hexane, (b) n-octane, and (c) n-decane on a clean 
Pt(ll1) surface to progressively higher temperatures and then recooling 
to 110 K. 
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Figure 5. RAIR spectra for a saturated monolayer coverage of n-octane 
obtained at increasingly higher temperatures demonstrating the changes 
occurring in the organizational state of the chain. Because the 
desorption of n-octane is significant at the temperatures 235, 245, and 
255 K, these spectra were collected with a constant dose of n-octane 
in the background. 

to those seen for nonannealed samples. Two conclusions thus 
can be reached: (1) the changes noted in the spectra at higher 
temperatures are not due to surface reactions, and (2) the 
perturbations seen are due to reversible changes in the way the 
chains are bound to the surface. In the following Discussion, 
we will describe how the temperature dependence of the RAIR 
features (and of the soft C-H stretching modes in particular) 
provides specific information about the two-dimensional melting 
of alkanes on Pt( 1 11). 

2400 2500 2600 2700 2800 2900 3000 3100 

Frequency (cm-') 

Figure 6. RAIR spectra for a saturated monolayer coverage of n-decane 
obtained at increasingly higher temperatures demonstrating the changes 
occurring in the organizational state of the chain. Because the 
desorption of n-decane is significant at the temperatures 275 and 295 
K, these spectra were collected with a constant dose of n-decane in the 
background. 
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Figure 7. Proposed dispositon of an n-octane molecule adsorbed on 
a Pt( 11 1) surface. The local symmetry imposed on the n-octane by 
the surface is C2. 

Discussion 
It is known from LEED studies carried out by Firment and 

Somorjai (FS) that linear hydrocarbons order on the Pt( 11 1) 
surface.I6 FS obtained the LEED patterns for a series of 
n-alkanes-(methane-octane) as a function of temperature (100- 
250 K) on both Pt(ll1) and Ag(111).'6*3* For adsorbed 
monolayers of n-pentane, n-hexane, n-heptane, and n-octane, 
they established the existence of three phases: a 2D ordered 
phase at low temperatures, a 1D ordered phase at intermediate 
temperatures, and a disordered phase at high temperatures. For 
each of these alkanes, the low-temperature LEED pattern 
consists of sharp spots due to the presence of an ordered 
overlayer of the adsorbate. For the even-carbon n-alkanes, the 
patterns correspond to the oblique two-dimensional group p2 
with one molecule per unit cell; the patterns show 6-fold 
symmetry owing to the presence of domains of different 
orientation with respect to the Pt(ll1) surface. The data 
establish a structure for the chains in which the n-alkanes align 
themselves commensurately with the substrate. One possible 
structure, as suggested by FS, places the carbon atoms near 
3-fold hollow sites on the (1 11) surface (Figure 7). To our 
knowledge, however, there appears to be no definitive evidence 
that points to this particular high-symmetry placement. In a 
recent report, we demonstrated a mechanism of mode softening 
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in a conformationally rigid bicycloalkene adsorbate that appears 
to involve the interaction of the C-H bond with an atop site.39 
The clarification of the finer details of the binding arrangement 
involved in the ordered phases of the n-alkanes on Pt( 11 1) will 
require further detailed examination by X-ray diffraction 
techniques. 

As the temperature is raised, the sharp LEED spots are 
replaced by streaks located midway between adjacent first-order 
Pt( 11 1) diffraction beams and oriented perpendicularly to the 
line between adjacent Pt diffraction beams. This change in the 
LEED pattern reflects the onset of 1D ordering. At higher 
temperatures, the LEED pattems for the alkane monolayers 
completely disappear, although FS noted that desorption phe- 
nomena complicate the interpretation of this latter transition. 
Overall, however, these changes in the diffraction data are 
precisely those expected for a two-dimensional melting process 
that passes through a hexatic phase.I5 

The present RAIRS study seeks to address the conformational 
changes which accompany the 2D to 1D phase transitions noted 
by FS and to establish the arrangement of the chains relative to 
one another on the surface in both the ordered and disordered 
regions of the phase diagram. In addition, the presence of soft 
C-H stretching modes in the infrared spectra of n-alkanes on 
Pt( 11 1) provides an exceptional opportunity to explore how soft 
modes are affected by disorder. The large changes in the 
appearance of the soft modes that accompany the order-disorder 
transitions provide important insights into the physics of mode 
softening. 

In turn, we will discuss the arrangement of n-alkanes on Pt- 
(1 11) at low temperatures, the effect of the M.-*C-H interac- 
tions on the normal modes and on the vibrational spectra of 
adsorbed alkanes, the factors that contribute to the large line 
widths usually seen for “soft” modes, the arrangement of the 
n-alkanes on Pt( 11 1) in both the hexatic and isotropic phases 
seen at higher temperatures, and finally a unified mechanism 
for the melting of rod-like molecules on surfaces. 

The n-Alkanes Form Well-ordered Overlayers at Low 
Temperatures. The RAIR spectra reported here provide strong 
supporting evidence that, at low temperatures, n-alkanes lie on 
the surface in the 2D ordered state in an all-trans conformation 
and with their carbon backbones parallel to the surface (or nearly 
so). In the absence of perturbations of the frequencies of the 
individual C-H oscillators, this arrangement of alkane mol- 
ecules on the surface should exhibit only two dipole-active 
modes in the C-H stretching region: the antisymmetric CH2 
stretch (d-) and the out-of-plane, antisymmetric CH3 stretch 
(rb-).40 The symmetric methylene d+ stretch and the symmetric 
methyl r+ stretch would be RAIR forbidden since their transition 
moments lie parallel to the surface. This is the RAIR spectrum 
we obserye when the n-alkanes are dosed onto a Pt( 11 1) surface 
that had previously been exposed to H2 (see above). 

For an alkane molecule in an isotropic environment, the 
methylene d- mode consists of a linear combination of motions 
from two C-H oscillators of identical frequency. The interac- 
tion of the n-alkane molecules with a bare Pt(ll1) surface, 
however, breaks the symmetry and perturbs the frequency of 
one of the two methylene C-H oscillators: the methylene C-H 
bond that points toward the surface is weakened, and its 
stretching frequency is reduced. As a result, there should be 
two RAIR-allowed methylene C-H stretches: a low-frequency 
mode near 2760 cm-’ (Le., a soft mode) that largely involves 
motion of the C-H bond proximal to the surface (Ha), and a 
high-frequency mode near 2905 cm-I that largely involves the 
distal C-H bond (Hb): 
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By way of reference, we note that the frequency of the d- mode 
in the crystalline state is -2916 cm-’ at 100 K. 

A similar symmetry-breaking effect should increase the 
number of RAIR-allowed C-H stretches associated with the 
CH3 groups from one to three: a soft mode for the methyl C-H 
bond proximal to the surface (Ha) and two modes for the 
symmetric and antisymmetric stretches for the other two C-H 
bonds (Hb and H,): 

/Hb 

In fact, three methyl C-H stretching bands do appear in the 
RAIR spectra at -2947, -2929, and -2810 cm-I. For 
comparison, the out-of-plane antisymmetric CH3 stretch (rb-) 
for bulk hydrocarbon crystals is found at -2954 cm-l. The 
interaction of one C-H bond of the methyl group with the 
surface shifts the frequency of this oscillator to 2810 cm-’ and 
serves to decouple it from the vibrations of the other two. The 
remaining two C-H oscillators (which are not interacting 
strongly with the surface) will then couple to give two modes. 
Both the in-phase (Hb f H,) and out-of-phase (Hb - H,) 
combinations have non-zero projections onto the surface normal 
direction and thus will be visible by RAIRS. It is possible to 
make an estimate of the relative intensity of these modes if one 
makes an assumption as to the intrinsic magnitude of the 
transition moments and the associated transition directions. This 
is done most simply by assuming that values appropriate to an 
unperturbed methylene group provide a predictive model for 
calculating this dichroic ratio. The optical constants of a variety 
of hydrocarbon materials have been analyzed in detail:’ and 
on the basis of this literature database we take the isotropic 
ratio of the intensities of the in-phase and out-of-phase C-H 
stretching combinations to be -1.0: 1.2. From the geometry of 
the model shown above, we see that the out-of-phase combina- 
tion projects weakly on the surface normal (tilted 60” from 
normal) and the in-phase combination more strongly (a tilt of 
45”). This predicts that a methyl group oriented as above should 
give two RAIR bands with relative intensities of -2: 1 .42 This 
value is less than the intensity ratio seen experimentally (-4: 1 
at 110 K). This discrepancy probably reflects one or both of 
two possible changes in the chain-end conformation: (1) the 
C-C bond to the methyl group is not exactly parallel to the 
surface, or (2) the methyl group has rotated so that its hydrogen 
atoms are not exactly staggered with respect to the adjacent 
methylene group. We note that a torsional twist of only 15” 
suffices to account for the observed intensity ratio. 

Thus, the interaction of the alkane chain with the platinum 
surface can account for the number of C-H stretching bands 
in the RAIR spectra, some of which occur at unusually low 
frequencies. There are no features in the spectra that are 
ascribable to stretching and bending modes whose transition 
directions are in the C-C-C plane of the all-trans chain. These 
observations are only consistent with the ordered arrangement 
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of alkanes described above, in which the all-trans chains lie 
flat on the surface. 

Chesters has suggested an alternative mechanism that could 
account for the appearance of two methyl C-H stretches in 
the normal region: interaction with the electric field of the 
surface, which lifts the constraints of the dipole selection rule 
so that both the out-of-plane antisymmetric C-H stretch (rb-) 
and the in-plane antisymmetric stretch (ra-) become RAIR- 
allowed.33 This explanation, however, ignores the significant 
changes that occur in the frequencies of the individual C-H 
oscillators and the resulting changes in the molecular motions 
that make up the normal modes. It is important to realize that 
the vibrational spectrum of the adsorbed n-alkanes simply cannot 
be analyzed in terms of the normal modes of the free molecules, 
because the adsorbed n-alkanes have completely different normal 
modes. 

We have also considered several other sources for the band 
splitting seen in the RAIRS data; these include adsorption at 
defect sites and intermolecular interactions. The importance 
of each effect can be discounted by simple reasoning. For 
example, perturbations due to surface defects can be discounted 
by the observation that the relative intensities of the split methyl 
bands are independent of both the coverage and chain length 
of the alkane. Intermolecular interactions, such as those which 
cause the band splitting seen in orthorhombic crystalline 
n-a lkane~$~s~ were also eliminated as a possibility by perform- 
ing an isotopic dilution experiment. Thus, when a sample 
containing a 1:6 v/v ratio of hexane-H14:hexane-D14 was used 
to dose the crystal, little net change was seen by RAIRS; viz., 
both isotopologs could be observed spectroscopically, but the 
magnitude of the band splitting was unchanged (data not shown). 

There is little doubt that the dominant factors which perturb 
the optical functions of the adsorbed n-alkanes are the M...H-C 
interactions with the metal surface. Owing to the frequency 
shifts that these interactions induce, we have assigned the RAIR 
bands by assuming that the C-H vibrations for C-H bonds 
that are proximal to the surface and for those distal would no 
longer mix; thus, the actual vibrational modes are more properly 
describable in terms of isolated C-H groups. Such isolated 
C-H bonds, which have been studied in detail by Snyder et al. 
by using C,HD~,-I alkanes, show similar frequency shifts and 
multiplicities as are seen in the "normal" C-H stretching regions 
of the present data.45 A more definitive analysis along these 
lines will require the synthesis of selectively deuterated alkanes 
and instrumentation with more than an order of magnitude 
improvement in limiting signal-to-noise. 

Identification of an Important Contributor to the Line 
Widths of Soft Modes: Inhomogeneous Broadening. Several 
features are seen in the RAIR spectra near 2760 cm-'; some of 
these bands are C-H stretches that have unusually low 
frequencies. Such low-frequency C-H stretches have been seen 
for other hydrocarbons on metal surfaces and are usually referred 
to as soft modes. We have assigned the most intense soft 
mode at -2760 cm-I to M.-.H-C interactions between the 
methylene groups of the chain and high-symmetry surface sites. 
The weaker mode at 2810 cm-' results from a similar interaction 
of the methyl groups. It is most important to note, however, 
that both of these bands are unusually narrow as compared to 
the broad peaks seen in other reported examples of this 
phenomenon: the full width at half-maximum (fwhm) for each 
is about 40-50 cm-' vs the 100-300 cm-I widths typically 
seen.31,32,39.46-50 The origin of the large line widths usually seen 
for soft modes has been the subject of much discussion and 
several different phenomena have been suggested to be respon- 
sible; among these are lifetime  effect^,^' coupling with low- 
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TABLE 4: Alkane Phase Transition Temperatures on 
R(ll1) 

adsorbate TI T, T2 Tb T ~ D  
n-hexane 195 187 218 210 178 
n-octane 212 212 230 240 216 
n-decane (230)" 225 (260)" 270 243 

Extrapolated from data of FS; ref 16. 

frequency M***H-C vibrational modes$9 and inhomogeneous 
broadening due to the presence of C-H bonds in different 
 environment^.^',^^,^^ 

Our data clearly demonstrate that narrow line widths for the 
soft modes of the n-alkanes are only seen when these molecules 
are well-ordered on the Pt( 11 1) the surface. Notably, the soft 
mode seen at -2760 cm-I (fwhm <50 cm-' at 110 K) is one 
of the narrowest yet reported. This result does not imply that 
the softening is meager; the frequency of the mode is shifted 
by more than 150 cm-I from that of an unperturbed CH2 group. 
Taken together, the data strongly suggest that the broad lines 
typically seen in RAIRS are associated with an inhomogeneous 
broadening mechanism due to an underlying structural hetero- 
geneity of the M...H-C interaction. We presume the structural 
feature of concem is the surface site to which the M.*.H-C 
contact is made as well as the corresponding bond angles that 
are formed. 

The vibrational spectra of many hydrocarbons adsorbed onto 
metallic substrates exhibit soft modes, but the key point is that 
almost all of these hydrocarbons exhibit some translational, 
conformational, or rotational disorder even when they are present 
in a monolayer at high coverage. Thus, they will be able to 
probe a variety of surface environments, and their soft modes 
will be broad. For example, cyclohexane presumably retains a 
rotational degree of freedom about the surface normal at 80 K 
even in a translationally-ordered state. Consistent with this 
notion, it has been shown by several authors that the YC-H soft 
mode seen for this molecule on Pt( 11 1) and a variety of other 
metals displays a line width with a fwhm of -150 cm-I or 
greater even when it forms an ordered and commensurate 
overlayer.31~32,39,46-50 In contrast, for the n-alkanes in the present 
study, the narrow YC-H soft modes seen at low temperatures 
must mean that all the methylene groups bind to the surface at 
essentially identical sites. This result is consistent with the 
presence of a commensurate overlayer in which the n-alkane 
molecules are tightly packed and have essentially no degrees 
of freedom. 

These observations establish the importance of heterogeneous 
broadening, in particular surface-site-binding heterogeneity, as 
an important contributor to the large line widths typically seen 
for soft modes. In those cases where precise registry can occur, 
and where no conformational, rotational, or translational disorder 
is present, sharply resolved soft modes are likely to be seen. 
The broadening and disappearance of the soft modes at 
temperatures characteristic of the onset of the order-disorder 
transitions (see below) provides additional convincing evidence 
that the line widths of these modes are dominated by hetero- 
geneous broadening. 

Correlation of the Phase Transition Temperatures Seen 
by LEED and by RAIRS. Firment and Somorjai observed 
two structural phase transitions during the thermal annealing 
of monolayers of the n-alkanes adsorbed on Pt( 11 1) and Ag- 
(1 11); the transition temperatures, labeled TI  and T2, correspond 
to the 2D/1D and the lD/disorder transitions, respectively, for 
each alkane. In Table 4 we give the values of TI  and T2 reported 
by FS and the corresponding values, T, and Tb, measured in 
this study. We define T, as the temperature at which the soft 
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Figure 8. (a) Change in the frequency of the soft YC-H mode at -2760 
cm-’ as a function of temperature for n-hexane (O), n-octane (E), and 
n-decane (A); (b) change in the line width of the C-H mode near 
-2909 cm-’ as a function of temperature for n-hexane (O), n-octane 
(U), and n-decane (A). 

modes begin to shift in frequency and broaden. We define Tb 
as the temperature at which the soft modes disappear from the 
spectra. We also list in Table 4 the bulk melting point ( T ~ D )  of 
each hydr~ca rbon .~~  

The most precise values for T, were obtained by plotting the 
frequency of the soft C-H mode as a function of temperature 
(Figure 8a). For each alkane, the frequency of the soft mode 
becomes temperature-dependent above Ta. Similar values for 
Ta were obtained by plotting the line width of the C-H mode 
near -2909 cm-I as a function of temperature (Figure 8b). The 
values of Ta listed in Table 4 were obtained from averages of 
their temperatures deduced from parts a and b of Figure 8. The 
best values for Tb were obtained by plotting the maximum 
absorbance of the soft modes seen in Figures 4-6 as a function 
of temperature and noting where A,,, becomes approximately 
zero (data not shown). 

The temperatures T, and Tb delimit the range over which the 
one-dimensionally ordered (Le., hexatic) phase exists. As 
judged from Figure 8, the properties of the adsorbed monolayers 
change continuously over this range. 

It is clear that the transition temperatures T, and Tb determined 
from the RAIR data increase with increasing chain length. As 
can be seen, the values of TI and T, correlate very well with 
one another. A similar correlation exists between T2 and Tb. 
Unexpectedly, the order-order transitions in the monolayers 
occur at approximately the same temperatures as do the melting 
transitions for bulk, crystalline samples of the alkanes; viz., TI  
and T, are very similar to the melting point of the bulk solid, 
T ~ D .  For nearly spherical molecules and the rare gases, the ratio 
of “melting” temperatures T ~ D / T ~ D  is typically in the range 0.5- 
0.6. Hansen has suggested that the near-unity value of T2dT3~  
for n-alkanes reflects the increased steric hindrance to in-plane 
orientational disorder,I2 but this cannot be the correct explana- 
tion, since steric hindrance is a kinetic phenomenon that would 
affect the rate but not the equilibrium thermodynamics of 
melting. 

We suspect that T ~ D  for n-alkanes is larger than expected 
because they can pack extremely well on the surface, and the 
intermolecular and adsorbate-surface interactions in the two- 
dimensional solid phase (which must be partly disrupted before 
melting can occur) are strong. It is also possible that the entropy 
of melting for rod-like molecules is relatively small because 
the melted phase still has considerable orientational order. For 

SCHEME 1 

both reasons, the two-dimensional melting point T ~ D  should be 
relatively large for rod-like molecules. 

One of the issues relevant to a discussion on two-dimensional 
melting is whether the nature of the substrate affects the melting 
transition. FS showed that the melting behavior seen on Pt- 
(1 1 l), where the alkanes form a commensurate overlayer, is 
rather similar to that seen on Ag( 11 l), where an incommensurate 
overlayer  form^.'^,^^ Since the differences noted by these 
investigators were subtle at best, the effect of the substrate on 
the melting behavior may not be large. Of course, greater 
differences should be seen if metallic and nonmetallic substrates 
are compared: for example, the melting temperature for 
n-hexane on graphite is 151 K,“ vs the 187 K we observe on 
R( 11 1). This comparison suggests that the surface does in fact 
affect the melting transition: stronger adsorbate-metal interac- 
tions increase the melting point. 

Proposed Mechanism for the Two-Dimensional Melting 
of Rod-like Molecules. Scheme 1 shows a depiction of the 
melting mechanism that is based on the data of FS and that 
reported here. The RAIR data clearly show that the 2D/1D 
phase transition seen by LEED is correlated with broadening 
of the soft C-H stretching modes. We conclude from this 
observation that the alkane molecules are indeed no longer 
pinned to specific high-symmetry sites on the surface but instead 
are disordered so that the methylene groups can experience 
multiple surface environments. It is clear from the considerable 
dichroism that remains in these spectra, however, that the chains 
are not isotropically arranged and thus that bond-orientational 
order is still present above Ta. The order-order transition 
leading to a 1D ordered state finds a close analogy in the phase 
transitions of liquid crystals. The loss of translational order 
requires that the footprint of the adsorbate be reduced to some 
degree in order to allow translations of the chains relative to 
one another (see below). 

Above Tb, the soft modes are completely absent. We are 
not convinced solely from the RAIR data that a true phase 
transition takes place at this temperature; instead, the line widths 
of these bands may have simply become so large that they 
cannot be resolved from the noise and other baseline artifacts. 
What is most striking, however, is that even above Ti, bond- 
orientational ordering is still preserved to a significant extent. 
Specifically, RAIR bands due to non-surface-bound methylene 
segments (which should accompany the population of gauche 
kink defects) or to symmetric CH2 or CH3 stretching vibrations 
are weak, even above Tb (but below the desorption threshold). 
This result strongly suggests that even near the desorption 
threshold the conformations of the chains are still heavily 
dominated by extended trans segments oriented with their carbon 
backbones parallel to the surface. 

We can envision three possible motions of the alkanes which 
create the open sites on the surface necessary to permit a phase 
transition (neglecting desorption as being important at a 
temperature below Tb): (1) one alkane rolls on top of another 
alkane, (2) one alkane partially slides under another, or (3) an 
all-trans alkane develops a gauche kink. In principle, these 
possibilities can be differentiated experimentally. We note that 
molecules bound in a second layer desorb well below the 
transition temperatures. This observation suggests that mech- 
anisms 1 and 2 likely do not operate in this case. Indeed, it is 
difficult to  envision a scenario such as is suggested by these 
first two possibilities in which melting would be unaccomapnied 
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by conformational isomerism in the flexible chain. We believe 
that trans-gauche isomerism is the mechanism responsible for 
the dynamics of this transition: the RAIR data at higher 
temperatures do in fact suggest that gauche kinks are present 
in small amounts. This same conclusion was also reached by 
Hansen et al., who estimated from a molecular dynamics 
simulation of n-hexane on graphite that near the melting point 
9-30% of the n-hexane molecules have at least one gauche 
kink.'* In the melting of three-dimensional n-alkane crystals, 
it is known that similar trans-gauche dynamics define the 
intermediate phase transitions (the so-called rotator phase 
transitions) which precede melting.24~2s~s3-55 There thus appears 
to be a common feature, trans-gauche isomerism, which 
connects the characteristics of these monolayer systems to those 
of the bulk. We will describe further studies addressing this 
issue at a later time. 
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