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Reflection absorption infrared spectroscofiJAIRS) and temperature programmed desorption
(TPD) have been used to investigate the adsorption of methano}@EH on the highly oriented
pyrolytic graphite(HOPG surface. RAIRS shows that GBH is physisorbed at all exposures and

that crystalline CHOH can be formed, provided that the surface temperature and coverage are high
enough. It is not possible to distinguish gbH that is closely associated with the HOPG surface
from CH;OH adsorbed in multilayers using RAIRS. In contrast, TPD data show three peaks for the
desorption of CHOH. Initial adsorption leads to the observation of a peak assigned to the
desorption of a monolayer. Subsequent adsorption leads to the formation of multilayers on the
surface and two TPD peaks are observed which can be assigned to the desorption of multilayer
CH5OH. The first of these shows a fractional order desorption, assigned to the presence of hydrogen
bonding in the overlayer. The higher temperature multilayer desorption peak is only observed
following very high exposures of C}¥DH to the surface and can be assigned to the desorption of
crystalline CHOH. © 2005 American Institute of Physic§DOI: 10.1063/1.1839554

I. INTRODUCTION growth of CHOH on HOPG. Irregular islands of G@H

Methanol (CHOH) is found in the interstellar medium Were observed aqd it vyas possib!e to disFinguish between
(ISM) in the form of interstellar ices, frozen out on the sur- CH3;OH adsorbed in a bilayer and in a multilayer.
face of dust graind.It is widely thought that the majority of In contrast, the interaction of G@H with metal sur-
the CHOH present in these ices does not form in the gagaces has been widely studied due to its widespread applica-
phase and subsequently accrete on the surface of the graim®n in elementary catalytic proces$emd in fuel cells'®*
Instead it is hypothesized that GBIH forms directly on the  The adsorption and reaction of GBH with metal surfaces
surface of the dust, as a result of the successive heteroggaye peen discussed in several review artitle¥ CH;OH
neous hydrogenation of C& With this in mind, we have has been shown to decompose to form methoxyQ®-)
used reflection absorption infrared spectroscdRAIRS) on most metal surfack>2and the decomposition can be

and temperature programmed desorpt{@fPD) to investi- .
gate the Z\dsorptioir)w O?Gﬁ)H on. and ifs desorption from, a promoted by coadsorbed oxygen, particularly on Au, Ag, and
; ' Cu surfaceg®?1:27303Iat Jower temperatures, physisorbed

highly oriented pyrolytic graphitdHOPG surface held at :
around 100 K. This investigation forms part of a wider studyMultilayers of CHOH are observed, adsorbed on top of the

of the mechanism of formation of GBH on dust grain underlying chemisorbed layet. 1/+921-25.27:28,32-55
analog surfaces. A detailed RAIRS and TPD study of the adsorption of

Dust grains in the ISM are thought to consist mainly of CH;OH on Pd110 at 124 K was performed by Pratt and
carbonaceous and silicaceous material and are often covered-workers™® Initial adsorption of CHOH led to the forma-
in films of ice! HOPG, and other carbon based surfaces, cafion of a chemisorbed layer. Further adsorption then led to
be considered suitable analogs of dust grains and have begik formation of a multilayer. RAIRS was used to show that
used previously in investigations ofHormation on dust e myliilayer consisted of a crystalline structure in which

. 4-7 . .
grains:~’ The temperature in the ISM, where these ice COV'hydrogen bonded chains of molecules were foritdd. ad-

ered grains are found, is around 10-20 K. Although the ex'di_tion to the crystalline multilayer, a “sandwich” layer was

periments described here are not undertaken at this temper . o 15 .
ture, they still allow an understanding of the interaction ofglso identified on PA1G™ which had a different RAIR

CH5OH with the HOPG surface to be gained spectrum to both the multilayer and the chemisorbed mono-
The only previous investigation of GEH adsorption layer. The formation of crystalline multilayers has also been
on HOPG was performed by Wareg al® using atomic force ~ Observed for CHOH adsorbed on R00L,* polycrystalline
microscopy. This study showed physisorbed multilayerPt®” P{111,** Rh{100,,*® Pd100,,* and Cy110.* In all
cases, formation of the crystalline phase was temperature

3Author to whom correspondence should be addressed.Fab 20 7679 dgp_endant and could only be observed fqllowmg a certain
7463. Electronic mail: w.a.brown@ucl.ac.uk minimum exposure of CEDH. The formation of a crys-
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talline multilayer was characterized by the observation of 3
splitting in the O—H region of the infrared spectrum, with W“WWWM
bands being observed at 3301 and 3193 tri?3* WWMW

TPD studies of the desorption of GBH from a range 7L
of metal surfaces have also been performed. Pratt and 0L '/ ) “v
co-workers® observed two main peaks in the TPD spectrum
for CH;OH adsorbed on Rd10 at 143 and 230 K. The 15L
lower temperature peak did not saturate and was assigned to
physisorbed CEOH, while the higher temperature peak was
assigned to the desorption of chemisorbed;OH.%® This 20
TPD spectrum was in broad agreement with those observed ARR
for CH;OH desorption from other metal surfacgg>28:323%
However, a TPD study of C#OH desorption from AgL1L
showed three desorption featurésThe highest temperature
peak was assigned to the desorption of the monolayer. The
two lower temperature peaks were assigned to the desorption
of the multilayer, with the higher of the two peaks being
assigned to amorphous GBIH desorption and the lower of
the two peaks assigned to the desorption of crystalline

CHzOH.** This is in disagreement with the TPD data for 1045
desorption of CHOH from Pd110, where Pratt, Escott, and T T T T T T
King®® indicate that they could not distinguish the crystalline 4000 3500 3000 2500 2000 1500 1000

o1
and amorphous CH¥DH phases during desorption. Wavenumber/cm

Several authofé*® have noted that multilayer desorp- FIG. 1. RAIR spectra recorded following the adsorption of sOHl on
tion peaks, observed in the TPD for increasing exposures ¢fOPG at 97 K. The given exposures are marked on the figure.
CH3OH to the surface, do not share a leading edge as would
be expected for zero order desorption. This suggests that
multilayer desorption is fractional order, and has previouslymium telluride (MCT) detector. All spectra were taken at a
been attributed to the formation of hydrogen bonds in thgesolution of 4 cm?! and are the result of the coaddition of
physisorbed layer>2® Further evidence for the strong influ- 256 scans, taking=3 min to collect each spectrum. In
ence of hydrogen bonding on GBH adsorption comes RAIRS experiments where the sample was heated, it was
from the observation that occupation of the multilayer is of-annealed to a predetermined temperature, held at this tem-
ten observed even before the monolayer is saturaePe perature for 3 min, and then cooled back down to the base
Here we describe detailed RAIRS and TPD investigatemperature before a spectrum was recorded. TPD spectra
tions of the adsorption of C¥DH on HOPG at both 100 and were recorded with a Hiden Analytical HAL201 quadrupole
130 K. The latter temperature was chosen as it is close to th@ass spectrometer. All spectra were recorded at a heating
temperature at which the amorphous to crystalline transitiofiate of 0.5 Ks?t.
is observed for solid CkOH.3
Il. METHODOLOGY I1l. RESULTS AND DISCUSSION

Experiments were performed in an ultrahigh vacuumA' RAIRS experiments

(UHV) chamber that has a base pressure sf2 RAIR spectra recorded following GJ®H adsorption on
x10 ¥ mbar. The HOPG sample was purchased fromHOPG at 97 K are shown in Fig. 1. Initial exposure of the
Goodfellows Ltd. and was cleaved prior to installation in thesurface to CHOH leads to the appearance of one band at
UHV chamber using the “Scotch tape” method. The sample1045 cm 1. With increasing exposure, this band increases in
was cleaned before each experiment by annealing at 500 K imtensity, but does not shift in frequency. Follogim 5 L
UHV for 3 min. Sample cleanliness was confirmed by theexposure of CHOH a broad band, centered at 3260 ¢m
absence of any desorbing species during TPD experimentdso grows into the spectrum. Similar to the band at
performed with no dosage. The sample was cooled td045 cm !, this band grows in intensity with increasing ex-
~100 K by pouring liquid nitrogen down the cold finger on posure but does not undergo a frequency shift. As the
which the sample was mounted. gbH (99.9% purity, CH;OH exposure is increased to 7 L and above, additional
BDH Laboratory Supplies Ltdwas admitted into the cham- bands at 1132, 1468, 2833, 2908, 2956, and 2983'cais0
ber by means of a high precision leak valve and the puritygrow into the spectra seen in Fig. 1. Increasing the exposure
was checked with a quadrupole mass spectrometer befofarther(up to a total of 300 Lincreases the intensity of these
each experiment. All exposures are measured in Langmulvands but does not lead to the observation of any additional
(L), where 1 =10 ® mbars. spectral features. It is not possible to saturate any of these
RAIR spectra were recorded using a Mattson instru-bands with increasing exposure, indicating that they are due
ments RS1 research series Fourier transform infrared spets the formation of physisorbed multilayers of gBH on
trometer coupled to a liquid nitrogen cooled mercury cad-the HOPG surface.
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seen for higher exposures of @BH (Fig. 1), it is assumed

w H (B)

o H that the monolayer is physisorbed on the HOPG surface.
The data shown in Fig. 1 for low exposures give an
| H N | /H indication of the orientation of the first few layers of gBH
/C\ adsorbed on the HOPG surface. The selection rules imposed
H | H H | by RAIRS on a metal surface also hold for adsorption on
H ~ O HOPG® and state that only vibrational modes with a com-

ponent of the dipole moment perpendicular to the surface can
be observed. Figure 1 shows that, at low exposures, only the
FIG. 2. Possible orientations of GAH adsorbed on HOPG in the mono- c-0 StretCh. of CIEDH ' observed, suggesting tha:t th.e
Iaye-r régime. The most likely orientation is that shown(tm where the O O-H stretch is lying parallel to the surface as shown in Fig.
atom of the CHOH bonds closest to the surface. 2. Itis most I|k6|y that CHOH bonds to the surface via its O
atom as shown in Fig.(B), in agreement with previous ob-
servations on other surfac&s.

As already discussed, higher exposures of;GH on
HOPG lead to the formation of multilayers on the surface,
and the bands observed in the RAIR spectra in Fig. 1 are in

It is clear from the spectra in Fig. 1 that chemisorbed
CH3OH is not formed on HOPG. However, at lower expo-
sures £7L) it is assumed that the GI®H is adsorbed on . .
the HOPG surface in a monolayer, although it is not possibI(QOOd agreement with those ‘gfg‘{ffﬁ%ﬁgﬂgf_‘ﬁgOH
to distinguish between monolayer and multilayer adsorptiorP" @ Number of metal surfaces.” able I
in the RAIR spectra. TPD spectfahown later do show a shows the assignment of the vibrational bands observed in
clear difference between first layénonolayey CH;OH and ~ Fig- 1 for the adsorption of C4OH on the HOPG surface.
subsequent multilayer GJOH. The bands observed in the Included for comparison are band assignments for multilayer
RAIR spectrum of the monolayer, at 1045 and 3260¢m  CHsOH adsorbed on 5{(1110}15 and RF{lOO},28 C?|:E|33OH con-
can be assigned by comparison with previous data fofained in an Ar matriX’ and crystalline CHOH.

CH5OH adsorbed on metal surfadgst’19.21-2527.29.32-3n The CH;OH multilayer formed on HOPG exhibits very

in an Ar matrix®’ The bands are assigned to the symmetricstrong intermolecular hydrogen bonding, as demonstrated by
C—O stretch and symmetric O—H stretch of {MH, respec-  the broadness of the O—H stretch at 3260 ¢min addition,
tively. Since these bands are not shifted, compared to thogae O—H stretch is down shifted by400 cm * from the gas

TABLE |. Table showing the assignment of the vibrational bands observed fg©8Hadsorbed on the HOPG surface at 9TH{g. 1). Also included is an
assignment of the bands observed when an overlayer g€k adsorbed at 97 K, is annealed to 13QMg. 3) and the bands observed when {H is
directly adsorbed at 130 K. Included for comparison are band assignments made for multila@ed @ésorbed on Rd10; (Ref. 15 and RH100; (Ref. 28,
CH3OH contained in an Ar matrixRef. 37, and thea phase of crystalline C{OH (Ref. 39.

Annealed
multilayer
Multilayer CH3;OH/HOPG or a phase of
Band CH;0H/HOPG at CH;0H adsorbed Multilayer Multilayer CH;0H in an crystalline
assignment 97 K at 130 K CH;OH/Pd110}2 CHZ;OH/RN 100° Ar matrix® CHZOH¢
uO-H) 3260 3290 3301 3245 3667 3284
3174 3193 3187
v,(CHz) 2983 2983 2987 2980 3006 2982
2956 2958 2959 2962 2955
2912
28,(CHz)a’ 2956 2958 2959 2956
268,(CHz)a” 2908 2904 2921
vs(CHg) 2833 2833 2832 2905 2848 2829
21(C-0 2037 2035 2054 2040
85(CH,) 1468 1475 1473 1475 1466 1458
1452 1426
S(COH) 1521 1516 1334 1514
1475 1470
p(CHz) 1132 1145 1144 1180 1145 1256
1077 1162
1142
uC-0 1045 1037 1028 1040 1034 1046
1027 1028 1029

aReference 15.
PReference 28.
‘Reference 37.
YReference 39.
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FIG. 3. RAIR spectra resulting from
annealing a CKOH adlayer adsorbed
on HOPG at 97 K. The temperatures
to which the adlayer was annealed are
shown on the figureA shows the high
frequency region of the spectrum, and
B shows the lower frequency region of
the spectrum.
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phase frequency as previously observed for condensegfoups alternate above and below the O atoms allowing
CH;OH phases which show hydrogen bondfig? neighboring chains to pack closely together. In héorm,
Figure 3 shows a series of spectra that result from anthe methyl groups are randomly distribut€d=or thea and
nealing an overlayer produced by adsorbing 50 L o,OH B phases, coupling can take place between vibrations within
on HOPG at 97 K. It can clearly be seen that annealing théndividual chains(intrachain coupling and for thea phase
CH;OH overlayer to 129 K immediately leads to the splitting coupling can also occur between adjacent chémgrchain
of several of the bands observed in the spectrum. The O—ldoupling.'® This leads to the observed splitting in the C—O
stretch, seen at 3260 crh, splits into two bands at 3290 and and O—H stretche®:*°
3174 cmt. Although these bands are sharper than the origi-  The assignments of the bands observed in Fig. 3, follow-
nal band, they are still quite broad and appear to be supemg annealing of a CEDH multilayer formed at 97 K, are
imposed on a broad background, perhaps suggesting that tgézen in Table I. The frequencies of the observed vibrations
feature originally observed at 3260 cistill remains in the  show excellent agreement with those previously measured
spectrum. The C-O stretch, originally observed atfor the « phase of crystalline CHOH.3® However, it is not
1045 cm 1, also splits on heating to give two bands at 1037possible to conclusively determine whether the crystalline
and 1027 cm!. The broad band originally observed at CH;OH formed on HOPG adopts the or 3 phase, as the
1468 cm!, assigned to the asymmetric GHtretch, splits  vibrational structure of the two phases has not yet been fully
on heating to give bands at 1521 and 1475 énin addition  resolved®#? It is also not clear from the spectra shown in
to the splitting of these bands, other bands in the spectrurkig. 3 whether the whole multilayer is converted to crystal-
sharpen on annealing and the band originally observed dine CH;OH. In fact the bands at 3290 and 3174¢dmn
1132 cm ! sharpens and shifts to 1145 ¢ All of the in-  which are attributed to the O—H stretch, appear to be super-
frared bands have disappeared from the spectra shown in Fignposed on a broader, less intense, band suggesting that in-
3 by 160 K, implying that the CEDH has desorbed from the complete conversion of the disordered multilayer to the crys-
surface by this temperature. This desorption temperature is italline phase takes place. Further information concerning the
good agreement with observations of the adsorption otonversion of disordered G®H to crystalline CHOH was
multilayer CHOH on RJ001 where the physisorbed obtained from the TPD data and will be discussed later.
multilayer desorbed by 190 ®. In addition to the observed temperature dependence, ex-
The splitting of bands, observed when a {LHH over-  periments also showed that the formation of crystalline
layer adsorbed at 97 K is annealed, can be attributed to theH;OH is coverage dependant. If a multilayer that results
formation of crystalline CHOH on the HOPG surface. The from an exposure of 20 L of C¥#DH is annealed, no splitting
same effect has been observed for multilayers of;@H  of bands is observed and the overlayer that is formed simply
adsorbed on R001,° polycrystalline P£2 P{111},3*  desorbs from the surface between 150 and 160 K. However,
Rh{100,%® Pd100,,%2 Pd{110,'° and Cy110,.%° Crystalline  when an overlayer resulting from a GBIH dose of=50 L
CH;OH exists in hydrogen bonded chains in two distinctis annealed, splitting is observed in the infrared spectrum and
phases: ther and 8 phase$®~**Experiments have indicated crystalline CHOH is formed. This is in good agreement
that thea phase is stable below 156 K and tf8ephase is  with previous observations which showed that a minimum
stable between 156 K and the melting point of {LHH at  exposure was required before the formation of crystalline
175 K** The two forms of crystalline CEOH differ in the ~ CH;OH could be observetf:?5:28:32:34:35
distribution of the methyl group above and below the O at-  Since the observation of the formation of crystalline
oms in the crystalline chains. For thechains, the methyl CH3;OH was also temperature dependent, additional adsorp-
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Peak B FIG. 4. TPD spectra recorded follow-
ing various exposures of GOH to
the HOPG surface at 105 KA shows
Peak C TPD spectra following low CEOH
exposures of 2, 3,5, 7, 10, and 15R..
shows spectra recorded following
higher CHOH exposures of 15, 20,
50, 100, and 300 L.

Mass 31 Desorption Rate/a.u.
Mass 31 Desorption Rate/a.u.

120 130 140 150 160 170 120 130 140 150 160 170
Temperature/K Temperature/K

tion experiments were performed with the surface held atnitially as a shoulder on peak. Following an exposure of 7
130 K. RAIR spectra were recorded as a function of increasL, this shoulder can be clearly identified as a separate peak at
ing CH;OH exposure. Initial adsorption of GBH at lower  ~139 K. This peak is labeled as peBk As the exposure is
exposures €50 L) led to essentially identical spectra to further increased to 10 and 15 L, pekbegins to dominate
those recorded following adsorption at 97 (Rig. 1). The  the spectrum. The desorption temperature of pBaklso
intensities of all of the vibrational bands were slightly lower increases with increasing GBH exposure. Figure (8)

for adsorption at 130 K, compared to 97 K, due to a lowershows TPD spectra following higher exposures of;OH to
sticking probability at the higher temperature. However, in-the surface. It is clear that, with increasing exposure, péaks
creasing exposures of GBH (=100 L) at 130 K show dis- and B merge into one and the resulting peak continues to
tinct differences compared to spectra recorded following adgrow and shift up in temperature. As the exposure is in-
sorption at 97 K. Higher exposures produce spectra whicltreased above 50 L, an additional pép&akC) is observed

are basically identical to those recorded following annealingat around 157 K. |ncreasing exposure causes ﬁbﬂj(grow

Of the adlayer formed at 97 K, with band Spllttlng OCCUrring in intensity and shift up in temperature_ Peﬁ(andc can-

in the C—O and O—H stretching modes. Splitting could onlynot pe saturated.

be observed for doses of GBH=100 L. Annealing the ad- PeakA is assigned to the desorption of gBH from a
layer formed following CHOH exposure to HOPG at 130 K physisorbed monolayer adsorbed on the HOPG surface. This
did not lead to the formation of any new spectral featurespeak is the first to appear in the spectrum and hence must be
and all vibrational bands disappeared from the spectrum by e to CHOH that is closely associated with the surface.

160 K, similar to adsorption at 97 K. PeaksB andC are assigned to the desorption of multilayer

_ CH5OH from the HOPG surface. It is noted that the desorp-
B. TPD experiments tion of multilayers should be a zero-order process and that
1. Results the resulting TPD spectra should therefore share a leading

TPD spectra were recorded following @BH adsorp- €dge. However, it is clear frpm Figs(a and 4@) that the_
tion on HOPG at 105 and 130 K. All spectra were recordecsPectra do not share a leading edge, suggesting a fractional
with a linear heating rate of 0.5 K. Spectra are shown order desorption process as previously observed foyaBH
with desorption peaks for mass 31 only. Mass 31 is the majoRdsorbed on Ra00,?? NiO,* and ALO;.*® This point will
fragment ion created in the mass spectrometer when detedi€ discussed in more detail later.
ing CH;OH, and is not the result of any surface chemistry. ~ As RAIR spectra recorded following GIH adsorption
To confirm this, the ratio of mass 32 desorption to mass 3Bt 130 K showed distinct differences compared to those re-
desorption was checked regularly and compared with th€orded for 97 K adsorption, TPD spectra were also recorded
cracking pattern of CEDH recorded with the same mass following higher temperature adsorption. Figure 5 shows
spectrometer when GJ@®H was dosed into the UHV cham- TPD spectra recorded following GBH adsorption on
ber. In all cases the ratio of mass 32 desorption to mass 3#OPG at 130 K. The spectra seen in Fig. 5 are very similar
desorption was 0.73. to those in Fig. 4, with a few small differences. Hence, the

A series of TPD spectra, recorded following the adsorp-species giving rise to the three desorption peaks observed in
tion of CH;OH on HOPG at 105 K, are shown in Fig. 4. Fig. 5 are assigned to the same species as observed following
Following the lowest exposures of GBH (2 and 3 L) only  adsorption at 105 K. The first difference between the spectra
one peak is observed with a desorption temperature dah Fig. 5 and those in Fig. 4 is that pe&kis observed to
~144 K. This is labeled as peak. As the exposure is in- grow into the spectrum at slightly higher exposures when
creased to 5 L a second, lower temperature, peak is observedH;OH is adsorbed at 130 K. This is due to a lower sticking
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B

3 3

g £

& 2

s S

=4 - FIG. 5. TPD spectra recorded follow-
5 g Peak B Peak C ing various exposures of GOH to
3 B the HOPG surface at 130 K shows
g 2 TPD spectra following low CKOH
2 & exposures of 2, 3,5, 7, 10, and 158..
p~ - shows spectra recorded following
% § higher CHOH exposures of 15, 20,

50, 100, and 300 L.
= =
I | I I
120 130 140 150 160 170 130 140 150 160 170
Temperature/K Temperature/K

probability at the higher adsorption temperature. The desorpt05 and 130 K adsorption, two sets of data were fitted and
tion temperatures for the peaks seen in Fig. 5 are also a feanalyzed to both check the reproducibility of the results and
degrees higher than those observed following adsorption db check the quality of the fitting procedure. Figure 6 shows
105 K. This could be due to differing amounts of hydrogenan example of a fit to the TPD data recorded following a 15
bonding in the overlayers formed at 105 and 130 K. This isL exposure of CHOH to the HOPG surface at 105 K. It is
supported by the RAIR spectra recorded following adsorp<lear from Fig. 6 that the quality of the fit is very good. It
tion at 130 K, which show a slightly higher vibrational fre- was possible to achieve fits of the same quality for all spectra
qguency for the O—H stretch, which is very sensitive to therecorded following dosing at both 105 and 130 K.

amount of hydrogen bonding present in the system. The final  To further determine the accuracy of the peak fitting pro-
difference between the spectra in Fig. 5 and those in Fig. 4cedure, certain key features such as the peak area and peak
is the more pronounced nature of pgakollowing adsorp- temperature of the measured and fitted TPD curves were cal-
tion at 130 K[Fig. 5b)] compared to adsorption at 105 K culated and compared. Peak temperatures were found to be
[Fig. 4(b)]. This will be discussed in more detail later. in good agreement between the measured and fitted data.
Figure 7 shows a comparison of the integrated area as a
function of exposure for measured and fitted TPD data re-
sulting from CHOH adsorption at 105 K on the HOPG sur-

In order to obtain quantitative information about the de-face. It is clear that the agreement between the two sets of
sorption of CHOH from the HOPG surface, it is necessary jntegrated areas is good.

to separate the TPD spectra into individual peaks so that the
contributions from different desorbing species can be evalu-
ated. This requires that the recorded TPD spectra are peak
fitted. The package used to fit the experimental data was
IGOR Pro (version 5.00, Wavemetrics Inc.A Lorentzian
peak shape was chosen to fit the data as this gave the small-
est chi squared value for individual fits, and hence the most
accurate overall fit. Since the baselines of the TPD spectra
were not perfectly flat, the baseline was also fitted with a
cubic polynomial function. For all of the data, the number of
peaks used in the fit reflected the actual number of peaks
observed in the TPD spectrum. Hence, for the 2 and 3 L
spectra only one peak is used for the(fieakA), while two
peaks are used to fit the spectra recorded followingQHi
exposures of 5-20 [peaksA andB). For exposures of 50 L

and above it was not possible to distinguish peakandB FIG. 6. Figure showing an example of a peak fit to experimental data re-
and therefore two peaks were used to fit these spectra: peaggded following a CHOH exposure of 15 L to the HOPG surface at 105 K.

; ; The TPD spectrum has been fitted with two baseline corrected Lorentzian
A/B and peaIC. The error introduced by neglectlng pe&k functions. The dots represent the experimental data, the thin lines represent

at higher exposures is small as, at these exposures, feakine individual Lorentzian functions, and the thick line shows the total com-
comprises only around 3% of the total peak area. For botlined fit to the experimental data.

2. Peak fitting

O Experimental data
— Fit

Mass 31 Desorption Rate/a.u.

| [ | |
120 130 140 150 160 170

Temperature/K
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clear from Fig. 8 that the relative coverage of the species
giving rise to peaksB and C increases fairly linearly with
exposure and does not saturate. This confirms the assignment
of these peaks to the desorption of multilayer O from

the surface. The exact nature of the multilayer species giving
rise to peakd andC is discussed in more detail later. The
inset in Fig. 8 shows a close up of the integrated area of peak
A as a function of increasing GI®H exposure. It is clear

Integrated Area/a.u.

O Measured TPD curves| . ..
—— Fitted TPD curves that the area of peak increases as the exposure is increased

A o - o 0 00 from_2 to 7 L, indicating thfit the relative coverage of this
Exposure/L species on the surface also increases. However, for exposures
of 10 L and above, the integrated area of pdakaturates.
FIG. 7. Graph showing the integrated area, as a function ofdBHexpo-  Thjs confirms the assignment of this peak to the desorption

sure, of the experimentally measured and fitted TPD curves obtained fol-
lowing CH;OH adsorption on HOPG at 105 K. Good agreement is obtaineolOf a monOIayer of CHOH from the HOPG surface. The fact

between the areas calculated for both sets of data. This graph also shows tB@t the desorption of monolayer GEIH can be distin-

the sticking probability of CHOH on the HOPG surface is approximately guished from multilayer CEDH indicates that, although
constant over the whole exposure range. weak, the bonding between GEH and the surface is
slightly stronger than the bonding between two /O mol-
ecules that occurs in the multilayer. The same effects are also
seen following adsorption at 130 K. However, peakis

. i i observed to saturate at a slightly higher exposure due to the
surface at 105 K as a function of increasing {LH expo- |\er sticking probability at the higher adsorption tempera-
sure. It is clear that the uptake of GBH is fairly linear, 4,6 The monolayer saturation coverage is, however, similar
implying a constant sticking probability as a function of ex- ¢, 4qsorption at 105 and 130 K as the integrated area under

posure. This is characteristic of physisorption. As well aSyeak A saturates at approximately the same value in both
determining the total uptake of GBH, it was also possible . cag

to determine the relative coverage of each desorbing species Figure 8 also shows that multilayers of GBH on the

as a function of exposure, once a good fit to the measurejopg surface begin to grow even before the monolayer is
TPD data had been achieved. The relative coverage for ea%turated, as pedk becomes populated before pealsatu-
species was evaluated by integrating the area under the indizias This effect has previously been observed fog@H
vidual TPD peaks produced from the peak fitting procedure,ysorbed on HOPGand also on Ni€f and ALO; . This

It was only possible to determine relative coverage and nofpcaration further suggests that the desorption of@H
absolute coverage as our current experimental setup does r}ﬂhltilayers from the HOPG surface is not a perfect zero-
allow a measurement of the actual coverage on the surfacgyger process. Multilayers which desorb with zero-order ki-

Figure 8 shows the integrated areas of peaks®, and  hatics are seen to adsorb and desorb in a layer-by-layer fash-

C as a function of exposure following adsorption at 105 K.jon \yhich is clearly not the case here. Since the bonding of
The data shown are the average of two sets of data. SlmlletEHsoH to the HOPG surface is observed to be slightly
curves, showing virtually identical trends, can also be PrOstronger than that of CHDH to another CHOH molecule, it
duced for data recorded following adsorption at 130 K. It isig 5ssumed that this “islanding” of molecules occurs due to a
lack of mobility at this adsorption temperature, rather than
due to an energetic effect.

3. Uptake curves
Figure 7 shows the total uptake of @BIH on the HOPG

4. Desorption orders

Integrated Area/a.u.

=

g In order to gain a deeper understanding of the desorption
E s 10 15 2 kinetics for CHOH adsorbed on HOPG, the desorption or-
- Exposure/L der for each of the individual desorbing species has been
£ ok determined. Thermal desorption is described by the Polanyi—
go —& Peak C Wigner equatiorf?=4°

=

déo —-E
lges= — = = vp0" ex;{ des) , (1)

dt RT
./'/.//. wherer 4. IS the rate of desorptiony, is the preexponential

s'o l"m 1;0 2")0 z;o 3")0 factor for the desorption process of order 6 is the cover-

Exposure/L age, Eg4es IS the desorption activation energy, is the gas

F1G. 8. Granh showind the intearated  the indvidual peaks th constant, andT is the surface temperature. The rate of
. O. rapn showing € Integrated areas 0O € Inaividual peaks a . . .

make up the TPD spectra recorded following {LHH adsorption on HOPG (t:hange of coveragé Wlth timet can be Iml_(ed to the rate Of,

at 105 K. The inset shows a close up of the data for peathe monolayer ~ change of coverage with temperature via the TPD heating

peak. rate g,
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s TABLE Il. Table showing the calculated order of desorption for the mono-

214 / layer and multilayer peakpeaksA andB) observed in the TPD spectra that
result from the exposure of the HOPG surface to;OH. The numbers

- given in the table are the average values obtained from analyzing four sepa-

22 rate sets of data. The order of desorptiois obtained from the gradient of

a plot of I{I(T,)] against Ifif, ] 1, at a fixed temperaturg, . An example of

such a plot is shown in Fig. 9.

140)]

23 <
o n for peakA n for peakB

T, (K) (monolayey (multilayen

In[L(T

24 ° 140 1.28 0.17
142.5 1.09 0.46
145 1.31 0.41

(=]

I 1 I I I
21 20 -18 -17
In[!

9
rel]uo

FIG. 9. A plot of IfI(T=140)] against lfif,¢]14o for the data shown in Fig.
4. Lhistgf?r’tu a”(l"":s T”r‘]e °fder: of derSOfprtiOT to :tet ﬁetgffpi”f(: from thfexposures{:lo L) the chosefT, value passes through peak
O P, e Shen Saues Tprese, e il or 05U (e monolayer peakcwhile for exposres above 10 L the
of 15 L and abovethe multilayey. choserT, value passes through peBKthe multilayer peak
Figure 9 therefore shows that, as expected, the order of de-
sorption is different for monolayer and multilayer gBH.
do¢ do dT do The gradients of the graph shown in Fig. 9 give a desorption
dat  dT XE = d_TB' (2 order of 1.24 for_ pealA (the monolayer peakand 0.14 for
) _ peakB (the multilayer peak In order to check the accuracy
In TPD experiments, the rate of change of coverage withyf these values, this process was repeated for a variety of
temperature is proportional to the intensity of the measure@yed temperatures, and for a range of TPD data sets. The
TPD trace (T). In the experiments described here it is notgradients of the resulting graphs, and hence the desorption
possible to measure an absolute coverage, however integrafrgers for the monolayer and multilayer peaks, are given in
ing the area under the TPD peaks does allow a relative covraple |I. The data in Table Il are the average desorption
eragefye, to be obtained. Hence E(L) can now be rewrit-  grgers that result from the analysis of four sets of TPD data
ten as recorded following adsorption at both 105 and 130 K.
— Eges Analysis of all T, values shows that peak has a de-
|(T)“Un9?e|ext{ RT ) (3)  sorption order of 1.230.14, again confirming its assign-
ment to the desorption of monolayer gBH. Since CHOH
Taking logarithms of both sides of this equation leads tohas been shown to adsorb reversibly on HOPG, first-order

Eq. (4) desorption would be expected and a desorption order of one
Eq has previously been used to model {LHH desorption from
IN[I(T)]nIn[v,0,e1] — R—_T_s (4) a monolayer adsorbed on /;.%° A first-order desorption

process assumes that each desorbing molecule is not influ-

At a fixed temperature, here defined Bs, Eq. (4) shows enced by surrounding molecules on the surface. The value of
that the order of desorption can be determined by performind.23+ 0.14, determined here for monolayer &bH desorp-
a plot of IMI(T,)] against 6, ltx. The gradient of this tion from HOPG, is slightly higher than the expected value
graph will give n, the order of desorptioff. Note that in  of 1. This can be attributed to interactions, such as hydrogen
order to perform this plot it is necessary to assume that thbonding, that occur within the monolayer. Peathas a cal-
preexponential factor and the desorption energy do not vargulated desorption order of 0.3®.21, in excellent agree-
with coverage or with temperature. This is a good assumpment with other studies which have shown that multilayer
tion for the preexponential factor, as all of the §BH is  CH;OH desorption is a fractional order procéés®45The
physisorbed on the surface. This is also an acceptable asbservation of a fractional desorption order for multilayer
sumption for the desorption energy which shows only a wealCH;OH desorption from HOPG is supported by the fact that
variation with coveragésee later. TPD spectra for increasing doses of £l3H (seen in Figs. 4

Figure 9 shows a plot of [i(T,)] against Ifé,¢ ] fora  and 5 do not share leading edges as would be expected for
T, value of 140 K for CHOH adsorption on HOPG at 105 perfect zero-order desorption. The observed fractional order
K. This value of T, was chosen to ensure that sufficient desorption for peaB (the multilayer peakis assigned to the
intensity in both the monolayer peafpeak A) and the presence of hydrogen bonding in the £3H multilayer that
multilayer peak(peakB) could be obtained with increasing leads to strong interactions between adjacent molecules. The
exposure. Note that this plot was produced directly from thenfrared spectrashown in Fig. ) also show evidence of
experimental data and not from the fitted TPD data. It isstrong hydrogen bonding as shown by the vibrational fre-
obvious from Fig. 9 that there is a different gradient in thisquency and broadness of the O—H stretching band. Note that
plot for exposures<10 L (open squargsand for exposures desorption orders have not been calculated for the second
above 10 L(filled circles. The reason for this can clearly be multilayer species that gives rise to pe@k This is because
seen by looking at Fig. 4 which shows that for the lowerthis peak only appears in the spectra at relatively high
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FIG. 10. A graph of (Ifl(T)]—nlIn 6,) against 1T for a multilayer of 2 II
CH;OH adsorbed on HOPG following a 50 L exposure at 105 K. This graph 5 384
was plotted with a desorption order of 0.35. The gradient of the graph is 5 36 I
equal to—Egs/R and allows a value for the desorption energy to be ob- s
tained. The solid line shows the actual data points and the dashed line shows  § 34 f
a fit to this data that allows the gradient to be determined. 3
g 32
S 30 I B
CH;OH doses and therefore there is only a small amount of 0 50 00 150 200 250 300

data for this peak. In addition, it is thought that this TPD

Exposure/L

peak partlally arises due to the heatlng process in the TPPIG. 11. Graphs showing the variation of the desorption energy ofGEH

experiment(see later.

5. Desorption energies

As well as obtaining the order of desorption, it is also
possible to determine the desorption energy for;OH ad-
sorbed on HOPG. This gives an indication of the strength o
the binding of CHOH, both to the HOPG surface and within
the multilayer.

Equation(4) can be rewritten as follows:

In[I(T)]><nInv,+nin o _ Eoes (5)
n rel RT'
Further rearrangement then gives Eg):
IN[I(T)]—=nInG,gxniny, —Eies (6)
rel n RT®

Hence plotting (IRI(T)]—nIn 6,) against 1T should give a

on the HOPG surface faék the monolayer an8 the multilayer as a function

of exposure at 105 K. The data points represent the average desorption
energy calculated from several sets of TPD data. The error bars represent the
error that arises from the uncertainty in the value of the desorption arder

for both the monolayefFig. 11(a)] and the multilayefFig.
11(b)] vary as a function of CEDH exposure on HOPG at
105 K. The data points represent the average desorption en-
ergy calculated from several sets of TPD data, and the error
bars represent the error in the calculated desorption energy
that arises from the uncertainty in the value of the desorption
ordern. Data for 130 K adsorption are not shown here but
show very similar results. As for the desorption orders, no
value of the desorption energy has been calculated for peak
C. Figure 11a) shows that the desorption energy for the
monolayer(peakA) increases from=33 to 48 kimol?! as

the CH;OH exposure increases from 2 to 20 L. This desorp-

straight line with a gradient of E4./R. Again this assumes tion energy corresponds either to a strongly physisorbed spe-
that the preexponential factor is constant, a good assumptiazies or to a weakly chemisorbed species. However, the RAIR
given that CHOH is physisorbed on HOPG at all coverages.spectra also recorded for this adsorption system suggest that
Note that the intercept cannot be used to give a value for thehemisorbed CEDH is not adsorbed on the HOPG surface
preexponential factor,, as the coverage is only a relative and hence it is assumed that the LLHH monolayer is, in-
coverage. In order to obtain a value fgyfrom a plot of this  stead, strongly physisorbed. The observed increase in de-
type, it is necessary to know the absolute coverage. sorption energy with increasing exposure indicates that the
Figure 10 shows a plot of ([h(T)]—nIn 6,) against 1T CH3;OH becomes more strongly bound as the coverage in-
for the multilayer, following a 50 L exposure of GABH to  creases. It is most likely that this is due to increasing
HOPG at 105 K. Note that in order to plot this graph, it wasamounts of hydrogen bonding between the ;OH mol-
necessary to separate out the contributions of the differergcules that becomes possible as the coverage increases.
TPD peaks A, B, andC) and hence this plot is performed Figure 11b) shows the desorption energy for the
for the peak fitted TPD data not the raw data. Similar plotsmultilayer peak, peaB, as a function of increasing GOH
were performed for both the monolayer spe¢@sakA) and  exposure. It is clear that the multilayer desorption energy
the multilayer speciefpeakB) using the range ofi values  also increases with increasing coverage from 31 kJap
already determined. These plots were performed for severab around 40 kJ mol* following a 300 L CHOH exposure.
sets of TPD data, in order to obtain average values for thégain this corresponds to the desorption of a physisorbed
desorption energies. species and is in good agreement with desorption energies of
Figure 11 shows how the calculated desorption energ0.2 and 37.7 kJmolt previously reported for two phys-
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i ; 22 Thi —
|sorbgd states of.Cj(DH Qesorbmg from PklOO}: This de- Amorphous Iﬂ’i“' ed amorphous
sorption energy is also in good agreement with the enthalpy multilayer and crystalline
of sublimation of CHOH which is 44.9 kJmol®.%® It is multilayer
noted that, as expected, at all gbH exposures the calcu- Disordered » Disordered
lated desorption energy is larger for the monolayer than for  [intermediate layer | g A intermediate layer
the multilayer. As for the monolayer, it is assumed that the
observed increase in the desorption energy with increasing

coverage can be assigned to the larger amounts of hydrogen _ _

bonding that occur within the multilayer at higher ¢gbH
exposures. FIG. 12. A schematic diagram showing how ¢BH is adsorbed on HOPG
- - : : at 100 K and what happens to the resulting overlayer when heating occurs.
The dat_a in Fig. 1(b) suggest t""‘? .pOSS|bIe reg|me§ for The overlayer produced following annealing of an adlayer adsorbed at 100
the adsorption of mgltllaygr CiOH. m't'a"y: the_des.orptlon. K is very similar to that produced when GEH is adsorbed at 130 K.
energy of the multilayer increases rapidly with increasing
CH3OH exposure, but at an exposure above 10-20 L the

desorption energy seems to plateau. Previous investigations,seryation that following C¥OH adsorption at 130 K, the
have suggested the formation of an intermediate or “sandypp spectra show a more pronounced p&akFig. 5b)]

H ” 15 : 1 1 1 ' :
wich” phase of CHOH™ in which the lattice mismatch be- Thjs arises due to the fact that some crystalline;OH is
tween bulk CHOH ice and the CHOH that is bound to the  actyally formed during adsorption as well as being formed
surface is accommodated. It is therefore suggested that it Buring the TPD experiment, leading to the desorption of
this intermediate phase of disordered multilayersOH that larger amounts of crystalline G®H. Hence, in the TPD
shows. the rgpid inc_:rease in desorption energy, (_due to th§pectra shown in Figs. 4 and 5, peBkis assigned to the
form_at|on of increasing amou.nts of hydrogen bondlng. as th%iesorption of disordered, or amorphous, multilayersOH
multilayer grows. The approximately constant desorption enxpq peakC is assigned to the desorption of crystalline
ergy, observed above GBH doses of 10-20 L, occurs due cH,0H. It would be expected that crystalline @BH des-
to the s_ubse_quent formation of more ordered3QH OVer-  orps at a higher temperature than amorphous@Hdue to
layers in which the amount of hydrogen bonding remainshe |arger number of hydrogen bonds present in the highly

Monolayer Monolayer

constant with increasing exposure. ordered crystalline structure. Note that initial inspection of
) the RAIR spectra seen in Fig. 3 suggests that all of the dis-
6. Model for the adsorption of CH  ;0H on HOPG ordered CHOH converts to crystalline C{OH on anneal-

Putting together the data obtained from both RAIRS andng, a fact that is clearly in disagreement with the TPD data.
TPD allows a model of the adsorption of gBIH on HOPG  However, closer inspection of the RAIR spectra in Fig. 3
to be developed. RAIR spectra have shown thatGQH is  shows that the sharper peaks observed in the O—H region of
always physisorbed on the HOPG surface and that crystallinghe spectrum are superimposed on a broad band which is
CH3OH can be formed provided the surface temperature andssigned to the presence of disordered;GH multilayers.
coverage are high enough. TPD data shows that it is possiblEherefore it is suggested that disordered and crystalline mul-
to distinguish the desorption of monolayer §PH (peakA, tilayers coexist on the surface. In addition, annealing in the
Fig. 4 and multilayer CHOH (peaksB and C, Fig. 4. RAIRS experiments was done in a rather different manner to
PeaksB andC have both been assigned to the desorption othe heating in the TPD experiments and therefore it is very
multilayer CH;OH, however, the difference between theselikely that more CHOH could be converted to the crystalline
two multilayer species needs to be determined. form in the RAIRS experiment compared to in the TPD ex-

A possible assignment for pedk uses information ob- periments.
tained from the RAIR spectra. As already discussed, the for- It is now possible to build up a picture of the adsorption
mation of crystalline CHOH can be observed with RAIRS of CH;0H on the HOPG surface and Fig. 12 shows a sche-
either upon annealing the surface after adsorption at 97 K, anatic diagram of this model. When GBH is adsorbed on
following adsorption to high exposures at 130 K. The TPDHOPG at~ 100 K, initial adsorption leads to the formation
spectra seen in Figs(ld and b) show that pealC is only  of a physisorbed monolayer. Subsequent adsorption leads to
observed at CEDH exposures=50 L in both the 100 and the formation of first an intermediate multilayer, and subse-
130 K TPD spectra. This peak is therefore assigned to thquently a disordered, or amorphous, multilayer. These two
desorption of crystalline multilayer GJOH. Note that no multilayers cannot be distinguished from one another in the
crystalline CHOH is formed on the surface during adsorp- TPD spectrum and both give rise to peBk Annealing this
tion at 105 K, irrespective of exposure. However, during theadlayer (either in a RAIRS experiment or during the TPD
TPD process some of the GBH multilayer is converted to experimenkleads to the formation of a mixed crystalline and
crystalline CHOH which then desorbs as a separate peak. lmmorphous overlayer. The crystalline ¢gBH desorbs at a
agreement with the RAIRS data, where crystalline;OH  higher temperature than the amorphous;OH due to it
could not be formed for exposuress0 L, peakC only ap-  having a more ordered structure. Adsorption at 130 K essen-
pears in the TPD spectrum for GBH exposures of 50 L tially leads to the formation of a C}0H adlayer that is very
and above. similar to that formed when an adlayer adsorbed-a400 K

The assignment of peaR to the formation, and subse- is annealed, hence accounting for the marked similarity be-
guent desorption, of crystalline GBH is supported by the tween the TPD data shown in Figs. 4 and 5. Note that the
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TPD data show that only around 20%—30% of the;OH The results described here form part of a wider study of
multilayer is converted to crystalline GAOH as pealC has the adsorption and formation of a range of astrochemically
an integrated area that is much smaller than that of fBeak relevant molecules on dust grain analog surfaces. Whilst the
Previous work® for CH;OH adsorbed on Rdl10, has experiments described here were performed at 100 K, as op-
suggested that it is not possible to distinguish between thposed to 10—-20 K which is the temperature of dust grains in
desorption of amorphous and crystalline {HH. This is  the ISM, they still provide detailed information about the
clearly not the case here, however this difference could béormation of CHOH ices on grain surfaces and about the
due to the different heating rates used in this experiment angubsequent desorption of these ices from the grains. This
the previous experimeni®. An alternative model was also information is crucially important for astronomical models of
suggested for the growth of GBH adlayers on Af11}.3  the star formation process and the data from this study will
This model suggested that crystalline §H desorbs at a be incorporated into suitable astronomical mod@iSimilar
lower temperature than amorphous g:){H_33 However, this TPD results have previously been successfully incorporated
cannot be the case for GBH desorbing from HOPG as, in into astronomical model$ of the star formation process.
this case, peaB would be due to the desorption of crystal-
line CH;OH and peakC would be due to the desorption of ACKNOWLEDGMENTS
amorphous CEOH. However, pealB is observed to appear
in the TPD spectra shown in Figs. 4 and 5 following a . .
CH,OH exposure of only 7—10 L. This is clearly much lower dentships for A.S.B. and A.J.W. and also for an equipment
than the exposure at which the formation of crystallineand c_onsumables gratﬁ;ran_t No. G_R/815273/01Th0mas
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