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Abstract 

Hydrocarbon reactivity at surfaces has long been a topic of high interest for 

heterogeneous catalysis and is now gaining new importance for the development of surface 

nanostructures. To expand these structural libraries, molecules with larger functional groups are 

used on surfaces; these applications require the system to go to higher temperatures, 

necessitating studies of the reactivity and reaction pathways for alkyl type groups. We have 

designed and synthesized a prototypical molecule, 1,3,5-tris-(3,5-diethylphenyl)benzene 
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(TDEPB), to examine reactivity on Cu(100) and Au(111) surfaces using high resolution electron 

energy loss spectroscopy (HREELS) and scanning tunneling microscopy (STM). We report the 

dehydrogenation of ethyl groups in TDEPB at 450 K on Cu(100) and at 500 K on Au(111). For a 

structurally similar triphenylbenzene (TPB) molecule without the ethyl groups, dehydrogenation 

was only observed on the Cu(100) surface at 450 K. Desorption of TPB was observed from 

Au(111) at 500 K. For Au(111), it was thus the presence and reactivity of the ethyl groups that 

prevented complete desorption of the molecule. The reaction pathway for the ethyl groups was 

found to be different on Au(111) vs Cu(100), as two distinct steps were observed on Au(111). 

First, a dehydrogenation occurred at 500 K, followed by a structural change of the adsorbate at 

550 K. The post-dehydrogenation structures on the two surfaces differ in the loss of the 750 cm -1 

HREELS feature on the Au(111) while not on Cu(100) and in other spectral changes for TDEPB 

on Cu(100) at 650 K that were not observed for TDEPB on Au(111) or for TPB on either 

surface. These results demonstrate reaction pathways that may be encountered with alkyl-

functionalized molecular building blocks on surfaces at elevated temperatures. 
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1. Introduction 

Surface structure formation via C-C bond formation is a growing field due to the 

applications covalently linked surface structures have in catalysts, sensors, and electronics [1-5]. 

The most prevalent method for obtaining C-C bond formation is the use of halogens in Ullmann 

coupling. This type of linking has been utilized on a vast array of surface adsorbed species, such 

as small planar aromatic molecules (<C18) [6-12], larger planar aromatic molecules (>C18) [13-

16], and porphyrins [17-20], leading to a large library of covalently-linked surface structures. 

Recently though, researchers have been exploring alternate pathways to obtain C-C linked 

species as the Ullmann coupling reaction produces free halogens and can leave behind strongly 

surface bonded byproducts [14, 15, 18, 21].  In previous work by our group [22], intramolecular 

dehydrocyclization was studied on Cu and in this study we seek to apply similar chemistry to 

intermolecular coupling on noble metal surfaces. The reaction pathway studied here is the 

dehydrogenation of the alkanes leading to the formation of a new molecular surface structure. 

The use of unsaturated alkyl groups for surface mediated C-C bond formation has been 

recently explored with the use of ethynes [23-27]. More recent work on metal surfaces  has 

looked into the use of alkene [28, 29] and alkanes [30, 31] in a surface reaction to enable C-C 

bond formation, but these studies were not designed to form extended surface structure. There 

are even fewer studies that use a sp3 C-H species in a dehydrogenative step for C-C bond 

structure formation on a surface [32]. Most work with the dehydrogenation of sp3 C-H species is 

typically done with (but not limited to) homogeneous Ir complexes [33-35], metal (Pt and Pt 

alloys) or metal-oxide (VOx, MoOx, GaOx, InOx, FeOx, and CrOx) substrates [36, 37], or more 

recently with metal-free catalysts [38-41]. Previous research has looked into the dehydrogenation 

of alkanes on metal surfaces, but few utilize vibration spectroscopy to observe the 
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dehydrogenation [37]. Our group has been able to observe the dehydrogenation of peripheral 

alkyl groups on organic molecules on Cu(100) at 500 K with HREELS [22]. 

Alkene coupling has been studied, but on-surface dehydrogenation can allow coupling of 

the simpler, saturated alkane starting materials by taking advantage of the catalytic activity of the 

surface. The work presented here addresses in situ dehydrogenation of peripheral ethyl groups on 

1,3,5-tris-(3,5-diethylphenyl)benzene (TDEPB) (Scheme 1) on Cu(100) and Au(111) for the 

purpose of observing dehydrogenation and subsequent intermolecular C-C bond formation.  

Scheme 1. Molecular structure of 1,3,5-tris-(3,5-diethylphenyl)benzene 

(TDEPB) and 1,3,5-triphenylbenzene (TPB). 

 

2. Experimental 

Cu(100) and Au(111) single crystals were purchased from Princeton Scientific. All 

experiments were conducted in ultra-high vacuum (UHV). In each experiment, the surface was 

cleaned by cycles of 1.5 keV Ar+ sputtering followed by thermal annealing at 730 K. Sample 

surface temperature was monitored by a thermocouple attached to the back side of the sample 

stage, which was calibrated to the surface temperature. The sample temperature was measured by 

a K-type thermocouple attached to the back side of the sample stage. In order to account for the 
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temperature difference between the sample surface and the stage, we conducted separate 

calibration experiments with a second thermocouple attached to the surface of a copper piece of 

the same size and mass as the single crystal used in the experiments reported here. Surface 

cleanliness was verified by the Auger electron spectroscopy (AES) metal to carbon signal ratio 

and by sharp LEED patterns. The surfaces were cooled gradually to room temperature before 

TDEPB or TPB vapor deposition in a separate but connected UHV chamber.  

 TDEPB was designed to maximize HREELS alkyl signal, avoid molecular desorption 

from the surface, provide multiple contacts between dehydrogenated species, and avoid 

intramolecular dehydrocyclization. TDEPB accomplished this by having multiple planar benzene 

rings and sufficient molecular weight to increase interaction with the surface and avoid 

desorption, thus allowing it to reach sufficient temperatures on the surface for dehydrogenation. 

Two ethyl groups were places on each peripheral benzene ring to have a large HREELS signal 

for observing alkane to alkene transition, while avoiding intramolecular C-C bond formation by 

positioning the alkanes in the 3 and 5 positions on each ring. Dehydrogenation followed by 

intermolecular bond formation or covalent binding to the surface would stabilize the molecules 

to even higher temperatures. TDEPB was synthesized via the triple condensation of 3,5-

diethylacetophenone using conditions similar to Zhang and coworkers [42]. Synthetic details and 

characterization can be found in the supplementary materials. Triphenylbenzene (TPB) was 

purchased from Sigma Aldrich (97% purity) for HREELS control experiments. Each molecule 

was degassed in UHV prior to deposition. Deposition was made from a Knudsen-type evaporator 

held at 390 K (TDEPB) or 385 K (TPB) to achieve a deposition rate of about 0.1 monolayers per 

minute, as monitored by quartz crystal microbalance. The surface coverage could not be verified 

using AES as the electron beam stimulated decomposition and desorption of the molecules. Sub-
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monolayer coverages were used to allow on-surface mobility of the molecules.  Post-deposition 

annealing treatments were done in most experiments, as described below. For most of these 

annealing treatments, we chose an annealing time of 1.5 h to allow the system to reach a uniform 

chemical state to improve the HREEL spectra; longer annealing times did not lead to much 

further change (vide infra). We note that with this long anneal time, the temperatures reported do 

not represent a kinetic characterization of on-surface reactions, but do provide a relative measure 

of thermal activation between the different steps described herein.  

High-resolution electron energy loss spectroscopy (HREELS) experiments were 

performed with a double-pass 127° angle cylindrical deflection electron spectrometer (LK 

Technologies, model LK 2000) operated at an incident beam energy of 5-8 eV and an elastic 

scattering peak width of 55 ± 10 cm-1. Each spectrum was normalized by the average intensity of 

a featureless background region (1920-1950, 2630-2659, or 3693-3723 cm-1) to account for 

variations in the primary beam current. 

Scanning tunneling microscopy (STM) experiments were conducted in a separate UHV 

system than the HREELS experiments, but the sample preparation procedures, including 

cleaning and organic deposition, were the same. The STM system is also a multi-chamber 

system, with a dedicated chamber for organic deposition that is separate from the analysis 

chambers. Surface cleanliness was verified by X-ray photoelectron spectroscopy (XPS, SPECS 

GmbH XR-50 dual anode X-ray source and PHOIBOS 150 electron energy analyzer). STM 

(RHK Technologies SPM UHV 750) measurements were made at room temperature. The well-

characterized (3 × 3) structure of terephthalic acid on the Cu(100) surface [43-45] was used to 

calibrate the STM. Sharp tungsten STM tips were fabricated by electrochemical etching. Bias 

voltages of 1.16 to 1.4 V (both polarities) and set point currents from 0.15 to 0.25 nA were 
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selected to find the best parameter for molecular resolution STM imaging. STM image analysis 

was conducted using the WSxM software [46]. 

 

3. Results and Discussion 

3.1 Dehydrogenation on Cu(100) 

TDEPB was vapor deposited on Cu(100) to a coverage of approximately 

0.5 ML and analyzed by HREELS at various annealing steps. HREELS provided 

the surface sensitivity required to observe the vibrational changes to the surface 

adsorbate layer before and after the annealing. The most obvious features are at 

758, 860, 1447, and 2953 cm-1 with less predominant shoulders and features at 

319, 471, 670, 1052, 1330, and 3041 cm-1 (Table 1, Fig. 1). The HREEL spectra 

of TDEPB contained a low energy peak at 319 cm-1 potentially due to a molecule-

substrate interaction (Fig. S1). The out-of-plane peaks are observed at 471, 670, 

and 860 cm-1 with the C-H out-of-plane bending mode at 758 cm-1 (Table 1, Fig. 

1). In-plane modes are observed at 1052 and 1330 cm-1. The peak observed at 

1447 cm-1 is likely due to the alkane C-C stretch. The C-H stretching mode is 

composed of both sp3 and sp2 carbon, which we identify at 2953 and 3041 cm-1, 

respectively.  

Table 1. HREELS peak assignments for TDEPB and TPB on each of 

Cu(100) and Au(111) after various annealing temperatures.  

TDEPB
Cu(100)

TDEPB
Cu(100)
500 K
anneal

TDEPB
Cu(100)
650 K
anneal

TDEPB
Au(111)

TDEPB
Au(111)
500 K
anneal

(12.5 hrs)

TDEPB
Au(111)
550 K
anneal
(17 hrs)

TPB
Cu(100)

TPB
Au(111)

Out-of-plane
Def.

319 319 297
471 464 486 486 501 486 494
670 626 633 669 684 706

C-H Bending 758 758 747 743 757 758 747
Out-of-plane

Def.
860 864 846 860 860

948 985 941
In-plane Def. 1052 1059 1073
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1175 1183
1330 1345 1352 1293

In-plane C-H
Wagging

1410 1381 1418 1476

Ethyl C-C
Stretch

1447 1447

In-plane Def. 1579 1594
C-H

Stretching
2953 2931 2967
3041 3041 3019 3019 3019 3055 3062

 

The substrate was annealed at various temperature steps for 1.5 h each and allowed to 

cool to room temperature for HREELS (Fig. 1). No significant change was observed after 

annealing up to 400 K, but significant changes are observed after annealing at 450 K. The C-H 

stretching mode decreased in intensity and changed shape, so that the peak centroid shifted from 

2956 cm-1 to 3006 cm-1. The greater decrease in intensity on the low energy (2953 cm-1) side of 

the peak compared to the high energy side (3041 cm-1) indicates a preferential loss of sp3 C-H 

stretching [22, 47, 48]. Although a detailed mechanistic study is beyond the scope of this work, 

based on prior studies, we expect that the dehydrogenation should start at the more acidic allylic 

α carbon and then the β carbon [49], forming vinyl species that are capable of C-C bond 

formation [50]. We note that the longer anneal time here (1.5 h) allows a lower dehydrogenation 

temperature compared to our prior work with octaethyl porphyrin, which showed 

dehydrogenation at 500 K when annealed for 15 min [22].  
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Fig. 1. HREELS of 0.5 ML of TDEPB on Cu(100) after annealing at 1.5 

h at the temperature indicated and cooling to room temperature. TDEPB 

spectra are unchanged to 400 K (blue). At 450 K (red), there are 

noticeable intensity decreases in (A) C-C ethyl stretching mode at 

1447 cm-1 and (B) the lower half of the C-H stretching peak (2953 cm -1), 

indicating ethyl dehydrogenation. At 650 K there was further C-H loss 

(green), so that few features remain in the HREEL spectrum, a result 

similar to prior measurements of a graphitic carbon layer on Rh [49]. 

Spectra in (B) are magnified 3x in intensity with respect to (A) for clarity 

of presentation. 

 

Other changes were observed in the out-of-plane and in-plane vibrational modes. This is 

consistent with dehydrogenation as the loss of the sp3 C-H peak should coincide with the relative 

loss of the C-C features associated with the sp3 carbon, particularly the C-C stretching mode of 

the alkane at 1447 cm-1. With annealing, the 471 cm-1 peak broadens and shifts to a lower energy. 

The C-H out-of-plane bending mode at 758 cm-1 remains present after annealing. The peaks 

within the in-plane region seem to remain close to their original position but do decrease in 

intensity. The alkane C-C stretching mode at 1447 cm-1 significantly decreased in relative 
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intensity, as anticipated, and potentially leaves only in-plane modes left to be observed in this 

region. The spectra maintain these peak positions with annealing at 500 K.  

At 650 K, there is a loss of the C-H bending mode at 758 cm-1 and the appearance of a 

broad feature at 633 cm-1. The remaining C-H stretching feature also seems to have fallen below 

our detection limits. The appearance of the broad peak at 633 cm -1 and a broad feature of low 

intensity at 1352 cm-1 matches the peak position and relative intensity for a graphitic layer on a 

Rh metal surface [49, 50].  

STM images of 0.5 ML TDEPB on the Cu(100) surface at room temperature show some 

step edge decoration, but most of the molecules seem to be mobile (Fig. 2A). This is noted by the 

clear terraces and transient features (imaged as horizontal streaks) [51], which are attributed to 

molecules moving faster than the STM scan rate (2.9 lines per second). After annealing to 500 K, 

clear chains have formed across the surface (Fig. 2B). These chains indicate that a significant 

amount of C-C formation had occurred between molecules to form structures across the surface. 

This structural change coincides with the observed dehydrogenation temperature for the alkanes 

via HREELS. Thus, as the alkanes undergo dehydrogenation they are potentially forming C-C 

bonds to neighboring molecules until they become immobile on the surface. The structure of this 

species is similar to the oligomeric structure that is observed with alkyne linking on Cu surfaces 

[26, 27]. While the structures in their work did not undergo an initial dehydrogenation to form 

the structure, our linking reaction pathway is likely similar to other smaller molecular linking 

reactions on Cu surfaces where a dehydrogenation step occurs to allow for C-C bond formation 

[28, 30]. Our oligomeric structure results after this dehydrogenation and C-C bonding reaction 

due to the design of the TDEPB molecule. Further annealing at 680 K (above the observed 

HREELS change at 650 K) does not reveal any significant structural changes (Fig. 2C). What we 
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can conclude from the STM and HREELS data at this time is that the chemical change at 650 K 

leads to a near fully dehydrogenated chain-like carbonaceous structure across the Cu(100) 

surface. XPS shows the C peak area decreases by 20% indicating a change from 0.5 ML of 

TDEPB to 0.4 ML of TDEPB (Fig. S2). 

 

 

Fig. 2. STM of 0.5 ML of TDEPB on Cu(100) at (A) room temperature 

and after annealing to (B) 500 K and (C) 680 K. The sample was imaged 

at room temperature after each annealing step. Streaks in images indicate 

mobile molecules. (B) At 500 K, a structure forms due to intermolecular 

C-C bond formation. (C) 680 K saw little change to the long range order 

of the structure. STM bias and set point current were 1.16 V and 0.25 nA 

for (A, B) and -1.19 V and 0.18 nA for (C). 

 

As a control, TPB (Scheme 1) was run through the same annealing procedure to observe 

what occurred in the absence of the alkane substituents. It is expected for TPB to have similar 

out-of-plane and in-plane mode positions as only the alkanes are absent. There are expected 

differences around the C-C stretching mode (above 1400 cm-1) for alkane carbons and the sp3 C-

H stretching modes for the alkane hydrogen. We observe no C-H stretching mode below 3000 

cm-1, consistent with the absence of sp3 carbon in TPB (Fig. 3). The position of the C-H peak in 
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TPB also aligns with the resulting peak in TDEPB after the annealing procedures (Fig. 4). This 

supports the expected thermally-induced dehydrogenation reaction of TDEPB to produce a 

higher fraction of sp2 C-H species. However, there was an unexpected sharp peak for TPB at 

1418 cm-1 that is not observed for TDEPB. The strong intensity of this peak likely results from 

the mode having a strong dipole HREELS loss mechanism (a vibrational dipole more 

perpendicular to the surface). Off-specular analysis indicates that this mode is primarily a dipole 

scattering and oriented perpendicular to the surface; the percent change of the intensity is similar 

to other off-specular out-of-plane modes (684, 758, or 941 cm-1) when compared to in-plane 

modes (1175 cm-1) (Table S1). The position of this peak best aligns with in-plane C-H wagging 

modes on a benzene ring. In order for an in-plane ring mode to have a strong dipole loss 

mechanism the ring is either tilting on the Cu(100) surface causing the in-plane mode to now be 

more perpendicular to the surface, or the ring is interacting with the surface in a way that distorts 

the dipole of the vibrational mode to be more perpendicular to the surface.  
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Fig. 3. HREELS of 0.4 ML of TPB on Cu(100) annealed to various 

temperatures. The surface was annealed for 1.5 h and was cooled to RT 

before each spectrum was acquired. (A) TPB remains predominantly the 

same until 400 K (blue). At 450 K we start to observe decreases to out-

of-plane peaks and a decrease to the in-plane mode at 1418 cm -1 (red). 

(B) C-H peak changes parallel those of the ring modes to indicate 

geometry changes of the molecule up to 500 K. The significant drop in 

C-H peak intensity from 500 K to 650 K is likely due to dehydrogenation 

as there is not an accompanying change in the ring modes. Spectra in (B) 

are magnified 2.5x with respect to (A). 

 

The TPB showed behavior similar to the TDEPB when annealed: the in-plane and out-of-

plane peaks start to change at 450 K. The C-H stretch peak area is observed to decrease slightly 

with each annealing step up to 500 K, then drops off sharply at higher temperatures.  As aryl C-H 

bond scission is not anticipated below 500 K [22, 52-54], the changes to the peak area below 500 

K are likely due to orientation changes of the phenyl rings with annealing so that they become 

more flat-lying. The C-H stretch position is consistent with sp2 C-H and does not change through 

the annealing experiments. Note that TPB thermally desorbs from Au(111) at 500 K (see below), 

so the persistence of TPB on Cu(100) up to 650 K points to a chemical interaction to Cu, as 
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purely physisorbed interactions should be similar on those surfaces. The C-H peak area decrease 

above 500 K can thus be assigned to aryl dehydrogenation. While HREEL spectra for TDEPB 

and TPB both change with annealing they are likely due to different processes: TDEPB 

undergoes loss of the alkane C-C stretching mode and TPB has geometric changes to existing in-

plane vibrational modes with some aryl dehydrogenation at higher temperatures (Fig. 4). An 

interesting difference between the two molecules is observed at 650 K, where, for TPB (Fig. 3), a 

C-H peak (758 cm-1) remains and a small C-H stretching mode is observable. The intermolecular 

linking of the TDEPB may prevent this ring tilting and thus keep more of the aryl C-H in closer 

contact with the surface. 

 

Fig. 4. HREELS comparison between 0.5 ML TDEPB and 0.4 ML TPB 

on the Cu(100) surface at RT (blue) and after their respective 

dehydrogenation (red). TDEPB shows loss of the ethyl C-C stretching 

peak at 1418 cm -1 (A) and shift of the C-H peak to a sp 2 C-H species (B). 

There was additional observed decreases in intensity to other vibrational 

modes. TPB was observed to have a decrease to its in-plane mode at 

1418 cm-1 (A), decrease to C-H stretching mode (B), and similar changes 

to other out-of-plane modes where dehydrogenation is thought to occur. 

Spectra in (B) are magnified 3x with respect to (A). 
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We note a coverage dependence of the relative intensities of the vibrational modes for 

TPB (Fig. 5), particularly the in-plane C-H wagging mode at 1418 cm-1 increasing with coverage 

relative to the C-H bend at 758 cm-1. We attribute the increase in relative intensity to the phenyl 

rings tilting and π-π interactions with neighboring molecules at higher coverage. The rotated 

peripheral rings would change the relative intensity of the observed vibrational modes as the 

vibration dipoles change their orientation with respect to the surface. The higher coverage would 

also increase the frequency of phenyl ring interaction with other TPB molecules. The 

temperature where the aryl dehydrogenation is observed is not different between the higher and 

lower coverages of TPB, indicating that at these temperatures and coverages, all C-H bonds in 

TPB are able to interact with metal surface sites within the long anneal time, consistent with our 

observation, discussed above, of a transition to a more flat-lying orientation before 

dehydrogenation (Fig. 3). The overall nonlinear growth of vibrational mode intensity vs. 

coverage in Fig. 5 is due to screening effect of neighboring molecules, causing intensity 

saturation at high coverages, as observed in other HREELS studies [57, 58].  
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Fig. 5. HREEL spectra of increasing TPB coverage on Cu(100) surface 

at room temperature. We observe the increasing intensity of all the peaks 

with increasing coverage. There is a relative increase of the 1418 cm -1 C-

H wagging peak compared to the C-H bend at 758 cm -1 from 0.27:1 to 

0.44:1. We additionally observed a non-linear growth of the C-H peak. 

 

3.2 Alkyl Dehydrogenation on Au(111) 

For comparison to Cu(100), TDEPB was also studied on the Au(111) surface. We 

deposited 0.45 ML of TDEPB on Au(111) and annealed in temperature steps. HREEL spectra 

show little change up to 450 K, then significant changes by 550 K (Fig. 6). The C-H stretching 

mode shows some change at 500 K. This decrease coincided with a decrease to the alkane C-C 

stretching peak at 1447 cm-1 while the other in-plane and out-of-plane modes did not change 

significantly, although there is some broadening of the right shoulder of the peak at 864 cm-1. 

The spectra further changed with increasing annealing to 550 K. At this temperature, there was a 

significant drop in the lower half of the C-H stretching mode (centroid shift of 38 cm-1 compared 

to room temperature). This change was seen as the dehydrogenation of the sp3 C-H species. After 

annealing at 550 K, there was a significant intensity decrease to the 747 cm -1 peak and a decrease 
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of the ethyl C-C stretching mode (1447 cm-1). On the other hand, the 864 cm-1 out-of-plane mode 

intensity remains relatively constant, with some broadening to the peak. The spectra did not 

change significantly at higher temperatures. The out-of-plane modes over this annealing 

procedure had changed so that only a broad feature could be observed around 860 cm -1 (different 

than Cu(100)), with a shoulder on the high energy side.  

  

Fig. 6. HREEL spectra of 0.45 ML of TDEPB on Au(111) annealed to 

various temperatures. The sample was annealed at the temperature 

indicated for 1.5 h and allowed to cool to RT before each spectrum was 

acquired. The spectra do not change up to 450 K (blue), while annealing 

at 500 K causes some loss of the 747 cm -1 out-of- plane peak, growth of 

a shoulder to the 867 cm -1 peak, loss of the ethyl C-C stretching peak at 

1447 cm-1, and loss of intensity to the sp 3 C-H peak area (purple). Further 

annealing increases these changes, resulting in a spectra with a 

prominent broad out-of-plane feature at 860 cm -1, weak broad in-plane 

intensities, and what appears to be a purely sp 2 C-H species (red). 

Spectra in (B) are magnified 1.3x in intensity with respect to (A). 

 

By increasing the annealing time of TDEPB on Au(111) at 500 and 550 K above 12 

hours, we attempted to allow the reactions to proceed to completion (Fig. 7). This long anneal at 
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500 K produced a decrease in the C-C stretching mode at 1447 cm-1 and in the sp2 (lower energy) 

C-H stretching mode. There were other subtle changes to the out-of-plane and in-plane peak 

intensities but, for the most part, they remained relatively unchanged. These changes on Au(111) 

at 500 K are very similar to the dehydrogenation changes observed on the Cu(100).  

After annealing TDEPB on Au(111) at 550 K, we observed a loss of the 747 cm -1 out-of-

plane peak, broadening of the out-of-plane peak at 860 cm-1, and minimal changes to the in-plane 

mode, ethyl C-C, and the C-H stretching peak regions. These changes are not observed on 

Cu(100). The lack of C-H loss during this reaction step, but significant changes to the out-of-

plane modes, point to a structural change to the adsorbate. This structural change is likely related 

to C-C bond formation between dehydrogenated ethyl species forming larger closed carbon ring 

systems; loss of the lower frequency out-of-plane bending mode that we observe here has been 

reported previously, e.g., conversion of n-pentane to cyclopentane, n-hexane to cyclohexane, 

hexatriene to benzene, octane to cyclooctane, and 2-octene to cyclooctene [55].  

The different annealing products for TDEPB on Cu(100) compared to Au(111) appear to 

have significant structural differences after dehydrogenation and C-C bonding. This different 

reactivity and structure between Cu and Au surfaces is consistent with previous work observing 

the Glaser coupling on these two surfaces [26]. In this previous work, alkyne coupling on Cu 

produced a variety of local bonding interactions involving two or three coupling units and 

leading to relatively disordered oligomeric structures [26, 27], while the Au surface facilitation 

cyclotrimerization (ring closing) to a much greater extent and produced highly ordered extended 

network structures [23, 25]. However, these studies did not involve a preceding dehydrogenation 

step.    
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Fig. 7. HREELS of 0.45 ML of TDEPB on Au(111) annealed to various 

temperatures. Extended 12.5 h annealing at 500 K shows further 

dehydrogenation beyond what was accomplished in 1.5 h (purple). The 

peak at 747 cm -1 is still visible after the majority of the dehydrogenation 

has taken place. Annealing to 550 K for 1.5 h causes the loss of this 747 

cm-1 peak while there little change to the in-plane modes, the position 

where the ethyl C-C stretching was located, or the C-H stretching peak 

intensity (red). The reaction process at 550 K is thus more of a structural 

change vs a significant dehydrogenation step. Annealing for longer times 

does not change the ring modes and only further dehydrogenation is 

observed (red). Spectra in (B) are magnified 2x in intensity with respect 

to (A). 

 

STM of TDEPB on Au(111) revealed that at room temperature the molecules were 

mobile on the surface with some observable step edge decoration (Fig. 8). Streaks in the images, 

as for Cu(100), are due to TDEPB motion on the surface that is fast compared to the STM scan 

rate [51]. At 550 K, chain species began to form near step edges and these chains grew in 

abundance and length after annealing to 600 K, indicating C-C bond formation. There are still 
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streaks in STM images after annealing at 550 K and 600 K due to a mobile species. XPS 

indicates desorption of some of the TDEPB during annealing (Fig. S3). 

 

 

Fig. 8. STM of 0.9 ML of TDEPB on Au(111) annealed to various 

temperatures. (A) At room temperature, the is significant step edge 

decoration and some streaks in the images due to mobile molecules. (B) 

At 550 K, growth of chains, mostly at step edges, reveals C-C bond 

formation. (C) Annealing to 600 K causes further chain growth. XPS 

indicates a decrease in surface coverage to 0.4 ML after annealing to 

550 K, but no further change at 600 K (Fig. S3). The herringbone pattern 

of Au(111) reconstruction is visible in parts of each image. Images were 

acquired at room temperature with 1.20-1.40 V bias and 0.15-0.19 nA 

setpoint current. 

 

HREELS measurements of TPB on Au(111) show virtually no reactivity (Fig. 9). 

Incremental TPB depositions were done to observe the TPB being slowly deposited onto the 

surface as noted by the increasing intensity of all the peaks. Upon reaching one monolayer the 

surface was heated to incrementally increasing temperatures. Deceasing intensity of TPB 

features started to occur at 500 K. When comparing the spectra of the low coverage TPB and the 

1 ML spectra of the TPB after annealing at 500 K for 1.5 h, the peak shapes and intensity align 



21 

perfectly (Fig. S4). Thus, it was concluded that the observed changes to intensity result from 

molecular desorption and not from a reaction with the surface. The minor spectral differences at 

1.0 ML (before annealing) relative to the lower coverage are likely due to differences in 

adsorption geometry, which revert upon annealing and thermal desorption. The lack of activity 

with TPB on Au(111) shows that the reactions observed with TDEPB are due to the ethyl species 

on the molecule and that the dehydrogenation of the ethyl groups is necessary to keep the 

molecule adsorbed to the surface. 

 

Fig. 9. HREELS of TPB on Au(111) at 0.18 ML (blue) and 1.0 ML 

(green) after room temperature deposition and after annealing 1.0 ML to 

500 K for 1.5 h (red). Increasing intensity of all the peaks is observed 

with increasing coverage of TPB on the surface. After annealing 1 ML of 

the sample to 500 K (red) we saw a decrease to the intensities to match 

the submonolayer spectra (blue). This confirms that we have molecular 

desorption of TPB on the Au(111) surface with no reactions being 

observed. 
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4. Conclusion 

Through the use of HREELS and STM we observed the dehydrogenation of ethyl groups 

in TDEPB on Cu(100) (450 K)  and Au(111) (500 K). When studying a molecule without ethyl 

groups, TPB, dehydrogenation only occurred on the Cu(100). Desorption was observed on 

Au(111). For Au(111), the presence and reactivity of the ethyl groups in TDEPB prevented 

complete desorption of the molecule. The reactivity of the ethyl groups on Au(111) is suggested 

to occur in two distinct steps: a dehydrogenation at 500 K, followed by a possible structural 

change of the adsorbate at 550 K. The post-dehydrogenation structures on the Cu(100) and 

Au(111) surfaces were viewed as being different due to the loss of the 750 cm -1 mode on the 

Au(111). At higher temperature (650 K) on Cu(100), a subsequent reaction leads to further C-H 

loss. This process did not occur with TDEPB on Au(111) or with TPB on any surface. STM 

revealed that, while initially mobile on the surfaces, after the dehydrogenation of TDEPB, 

possible C-C bonds formed chain-like features across the surface. Reactivity studies such as the 

ones shown here are required to understand how larger molecules utilizing organizing species 

like alkane chains may behave at higher temperatures. We also show the use of different surfaces 

and the use of ethyl groups can change the final observed dehydrogenated structure. 
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