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uneven contours. Thus, this method successfully replicated the contours of the walls of 

the microchannels. It is forgiving of imperfections in the roughness of the walls and 

allows curves on the submicron to tens of microns size scale to be patterned.  

 

 

Figure 22 Optical micrographs of polymer brushes (bright lines) that were grown in a), 
b), c) and d) straight and e) curvy microchannels. In c) and d) we show the 
ends of the microchannels to emphasize that the polymer lines followed the 
curves of their shapes. f), g), h), and i) SEM micrographs of polymer brushes 
(dark lines). The polymer lines appear curvy under high magnification due to 
imperfections in the walls of the PDMS microchannels used to fabricate them. 
i) A SEM micrograph of a polymer brush with a width of 270 nm.  In each of 
these experiments we used monomer A from Figure 19 to synthesize the 
polymers.  
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The widths of the patterns were measured as a function of time that the 

microchannels were exposed to Bu4NF and the data was plotted in Figure 21b. The 

agreement between the measured widths of the lines and the amount of PDMS etched 

after exposure to undecenoic acid was excellent (slopes of 0.25 and 0.24 µm per min) and 

demonstrated that this method could be used to grow patterned polymer brushes with 

widths from 270 nm to at least 3.7 µm.  Control experiments where we did not add 

monomer to the microchannels after etching did not show any polymer lines. 

 To grow polymer brushes with widths of less than 250 nm we had to use 

an etchant solution different from 0.5 M Bu4NF.  Based on the calibration curves, to etch 

100 nm from microchannel walls they must be exposed to 0.5 M Bu4NF for only 26 

second – a time that we found challenging to control.  Decreasing the concentration of 

Bu4NF did not provide reproducible results for the widths of polymer brushes so we 

switched to 5% HF as the etchant due to its slower rate of etching as shown in Figure 

21c. With this etchant 100 nm of PDMS would be etched from the microchannel walls 

upon exposure to HF for approximately 5 min.  In Figure 23 we show polymer brushes 

with widths of 70, 90, and 140 nm that were fabricated by following the method outlined 

in Figure 20 and replacing the etchant with 5% HF in H2O. From the results in Figures 22 

and 5, it is clear that the edge resolution of the polymer brushes increases with their 

widths. For the smallest lines the edge resolutions were much less than 50 nm, but for the 

widest lines exceeding one micron the edge resolution increased to over 50 nm.  

To further demonstrate the potential of this method, we patterned crossed lines of 

different polymer brushes by first growing polymer brushes of monomer A in Figure 19 

along microchannels of PDMS.  Next, the surface was immersed in a solution of the 

Grubbs’ catalyst again to bond Grubbs’ catalyst throughout the entire surface. The PDMS 

stamp was rotated and placed back on the surface.  The procedure outlined in Figure 19 

was repeated to grow polymer brushes of monomer B at an angle relative to the first 

lines.  Because we replenished the Grubbs’ catalyst on the surface prior to growing the 
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second set of polymer brushes, we grew crossed polymer lines as shown in Figures 23d 

and e.   

 

 

Figure 23  SEM micrographs of patterned polymer brushes that were grown from PDMS 
microchannels after etching with 5% HF and using monomer B in Figure 19.  
The polymer brush lines had widths of a) 70, b) 90, and c) 140 nm.  d) and e) 
Crossed polymer brush lines that were fabricated by growing one set of 
polymer lines, removing the PDMS, immersing the wafer in a solution of the 
Grubbs’ catalyst, and following the method in Figure 20 to grow a second set 
of polymer lines on the surface.  The arrows point to the lines of polymer 
brushes. 

Characterization of Polymer Brushes by XPS and Auger 

Spectroscopy. 

We further characterized these polymer brushes by XPS and Auger spectroscopy.  

We first looked at these surfaces by XPS to characterize the change in the C(1s) peak that 

would show evidence of growth of polymer. Polymer brushes of monomer A were grown 

on the entire surface of a Si(111) wafer for measurements by XPS. A nonpatterned 
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surface was imaged because our polymer brushes were narrower than the smallest pixel 

size that could be measured by scanning XPS. In Figure 24 we show the evolution of the 

C(1s) peak in the original monolayer, the Grubbs’ catalyst-terminated surface, and the 

polymer brush.  These results demonstrate that we are growing polymers that were 

bonded to the surface (they were not removed with extensive washing in organic 

solvents). In addition, the Ru(3p) and Ru (3d) peaks clearly show that the Grubbs’ 

catalyst was bonded to the monolayer as described in Figure 19.   

 

 

 

Figure 24 The change of the C(1s) peak in the XPS spectra for a) a mixed monolayer 
terminated with methyls and olefins, b) after reaction with the Grubbs’ 
catalyst, and d) after reaction of the surface with monomer. c) The Ru(3p) 
peak clearly shows that it is bonded to the surface.  

Because XPS is a bulk measurement over a large (approximately 0.24 mm2) 

section of a surface, we grew patterned polymer brushes using monomer A and imaged 
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them by scanning Auger spectroscopy.  Auger spectroscopy has the advantage that it can 

be image small area with a lateral resolution approaching 200 nm.  In Figure 25 we show 

a SEM of a patterned surface with a dark, horizontal line that indicates where the surface 

was imaged by scanning Auger spectroscopy.  When the Auger imaged the polymer 

brush, it detected a spike in the amount of C and a decrease in the amount of O and Si.  

These results are consistent with the growth of a polymer brush with high amounts of C 

that shields the Si peak. The O(KLL) peak decreases when the polymer brush is imaged 

because the area between the polymer brushes the surface is terminated with acids as 

described in Figure 19.   

 

 

 

Figure 25 This Figure shows a SEM of a patterned surface taken in the Auger 
spectrometer. The gradient in darkness is due to the unoptimized location of 
the detector due to the location of the XPS detector.  The dark vertical lines 
are the polymer brushes and the one dark horizontal line is where the surface 
was imaged by Auger spectroscopy.  The C(KLL), O(KLL), and Si(KLL) 
scans show spikes where the polymer brushes were found.   
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Conclusions and Summary 

 We report a new method to pattern polymer brushes inside of PDMS 

microchannels with widths from several micrometers down to 70 nanometers. All of the 

steps of this method are carried out under ambient conditions using simple PDMS slabs.  

This method uses the controlled etching of PDMS with different sources of F- to expose 

fresh surfaces of Grubbs’ catalyst-terminated monolayer within microchannels.  Although 

we patterned lines with widths down to 70 nm, this method probably can be extended to 

patterns with smaller widths by using lower exposures to F- or low molecular weight 

polymer brushes.  We expect that the true widths of the polymer lines where they attach 

to the surface is smaller than the widths measured here because polymer brushes will 

spread onto adjacent surfaces that did not grow polymer brushes.  The spreading of 

polymer brushes and increasing difficulty of imaging nm-wide polymer lines by SEM 

kept us from learning the lower limit of this method. 

Growing polymer brushes patterned along the edges of microfluidic channels is 

exciting for several reasons.  One potential application will be the study of fluid flow 

directly along the edges of complex microchannels. Because our method relies on etching 

the PDMS walls with continually refreshed sources of F-, it should be possible to study 

how fluid flows along the walls of microchannels through the width of polymer brushes 

along the surface.  Another exciting option with this method is control of spatial 

chemistry inside of microfluidic devices for use in micro total analysis systems (µTAS). 

In “these lab on a chip” systems, the increasingly small dimensions of the microfluidic 

channels increases the importance of controlling their surface chemistry.  To pattern the 

surface chemistry inside of a microfluidic device the surface is either patterned and then 

another slab is bonded onto the surface to form channels, or the channels are modified 

using lamellar flow in the channels. These patterned surfaces can direct the flow of 

liquids or the growth of substrates in the channels.  Our method allows the edges of the 

channels to be patterned selectively from the rest of the surface and will allow for further 
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control over the surface chemistry.  Finally, we can imagine coating the newly formed 

polymer brushes with other nanomaterials or inorganics.  A hard shell could be grown 

over the polymer brush lines, and after the polymers are etched a new, nanofluidic device 

would remain that would be readily integrated with a microfluidic channel.  This method 

is also promising because it can be integrated with monolayers on coinage metals.  In 

future work we will explore some of these applications, study the lower limits of line 

widths of polymer brushes that can be obtained with this method, and investigate the 

growth of block copolymer brushes.   
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CHAPTER 3 ASSEMBLY OF ORGANIC MONOLAYERS ON 

POLYDICYCLOPENTADIENE THROUGH BROMINATION 

Abstract 

The first well-defined organic monolayers assembled on polydicyclopentadiene is 

reported. Commercial grade dicyclopentadiene 90%+, mixture of endo exo, without any 

purification, was polymerized with the Grubbs’ second-generation catalyst in a fume 

hood under ambient conditions at very low catalyst to monomer loadings of 1 to 20,000. 

This simple method resulted in a polymer that was a hard solid and appeared slightly 

yellow. Brief exposures of a few seconds of this polymer to Br2 lead to a surface with 

approximately half of the olefins brominated as shown by X-ray photoelectron 

spectroscopy (XPS) and attenuated total reflection-infrared (ATR-IR) spectroscopy. The 

ATR-IR spectroscopy was carried out with the polymer in contact with a Ge hemisphere 

housed in a GATR accessory from Harrick. This brominated polydicyclopentadiene was 

immersed in DMF with 4-(trifluoromethyl)benzylamine to assemble a monolayer. The 

amines displaced Br on the surface to form a monolayer that exposed a CF3 group on the 

surface. The surface was extensively studied by XPS using the method described by 

Tougaard to find the distribution of F within the surface layer. The ratio for the peak area, 

Ap, to the background height, B, measured 30 eV below the peak maximum was 109.8 

eV. This value clearly indicated that the F was found only at the surface and was not 

found within the polymer. A surface coverage of 1.37 amines per nm2 was estimated and 

indicated that the monolayer was 28% as dense as a similar monolayer assembled from 

thiols on gold. Finally, a simple method to pattern these monolayers using soft 

lithography is described. This work is critically important because it reports the first 

monolayers on a relatively new and emerging polymer that has many desirable physical 

characteristics such as high hardness, chemical stability, and ease of forming different 

shapes. 
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Introduction 

Control over surface chemistry on organic and inorganic substrates is critically 

important in many industrial devices and in academic research.298,309,332,339,356-363 Surface 

chemistry is typically controlled either by assembling organic monolayers – such as thiols 

on gold or siloxanes on glass – or through the assembly or growth of polymers on 

surfaces.244,285,290,291,301,364-370 One set of examples to illustrate the importance of surface 

chemistry is the use of DNA and protein arrays in medicine and biology.371,372 These 

arrays require complex patterns of single-stranded DNA or proteins bonded to a surface 

with high loadings. In these arrays and other materials, the surface chemistry must be 

well defined and controlled such that the functional groups exposed on a surface are 

known and react with selected molecules. Because of the importance of well-defined 

surface chemistry in areas as diverse as chromatography, DNA arrays, biosensors, 

tribology, and others, developing methods to control surface chemistry is a very active 

area of research. The assembly of organic monolayers on polymeric surfaces is well 

studied with a variety of polymers studied including polydimethylsiloxane,373-375 

poly(methyl methacrylate),376 polycaprolactone,377,378 polylactide,379-381 cellulose,382,383 

and polyethylene384-386. Unfortunately, all of these polymers have limitations ranging 

from surface reconstruction that buries some functional groups into the bulk of the 

polymer, surface etching that limits the lifetimes of displayed functional groups, poorly 

defined surfaces with many functional groups present, harsh conditions needed 

functionalize their surfaces, or undesired physical properties of the polymers.  

Recently, polydicyclopentadiene (PDCPD) emerged as a new material with 

applications in surface science and chromatography.167,387-395 Dicyclopentadiene is 

commonly polymerized by two mechanisms: radical polymerization or ring opening 

metathesis polymerization (Figure 26). The radical polymerization yields a highly cross-

linked polymer with only a low concentration of unreacted olefins present.  Alternatively, 

the synthesis of PDCPD by ROMP yields a highly cross-linked material with olefins 
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present at high concentrations due to the presence of four sp2 hybridized carbons for 

every ten carbons in the polymer. We hypothesized that the presence of these olefins at 

high concentrations would make it possible to yield a highly functionalized PDCPD 

surface.  This material has become more accessible because of the relatively recent 

development of highly active, homogeneous Grubbs’ metathesis catalysts that polymerize 

DCPD at low loadings of catalyst under simple conditions.  

 

 

 

Figure 26 Dicyclopentadiene has traditionally been polymerized by radical methods to 
yield a highly cross-linked, stable polymer. Development of the very active 
Grubbs’ second generation metathesis catalyst made it simple to synthesize 
PDCPD that is highly cross-linked and exposes a high concentration of 
reactive olefins. 

PDCPD has found many applications because of its toughness and, more recently, 

the presence of a high density of olefins. Because of its toughness and resistance to 

fracture, this material is used to make the covers on snowmobile sleds and as a protective 

material for hoods on semitrucks.388,391-394 PDCPD is also being explored for uses as the 

solid phase in chromatography because of its ease of synthesis in a variety of containers, 

its highly cross-linked structure, and the presence of olefins that can be functionalized to 

introduce additional selectively to separations.167,387,388   

We wished to study the surface chemistry of this polymer because its properties 

and low price may lend it to a variety of applications where other polymers are currently 

used. Others studied the functionalization of PDCPD by growing new polymers from the 
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surface, but no one has reported the assembly of monolayers on its surface.  In prior 

work, Buchmeiser et al. polymerized DCPD into porous beads using the Grubbs’ catalyst 

and used the residual catalyst to graft a second polymer onto the beads.396 Hilborn et al. 

reported the surface functionalization of PDCPD by grafting atom transfer radical 

initiators onto the surface using olefins present on PDCPD and growing polyacrylates 

through radical polymerizations.167,387 They did not report the density of the initiator on 

the surface or whether it was only bonded to the surface or also present in the bulk but 

still near the surface. We decided to study this emerging polymer by functionalizing the 

olefins in PDCPD with Br2 and then reacting resulting surface with amines. These 

reactions are well precedented in organic chemistry and proceed with high yields using a 

variety of different amines under different reaction conditions. The compatibility of this 

approach with different amines will make this approach potentially useful in fields that 

require the presentation of well-defined surfaces on inexpensive, transparent polymers.  

Results and Discussion 

Synthesis and Characterization of PDCPD.  

The overall reaction sequence to yield functionalized PDCPD is shown in Figure 

27 along with the abbreviations for each surface. The first step was the synthesis and 

characterization of PDCPD to use as a suitable substrate.  

The conditions to synthesize highly cross-linked PDCPD with minimal catalyst 

loadings were investigated with the Grubbs’ first and second generation catalysts. An 

important consideration in this work is that the low vapor pressure and reactive olefins of 

dicyclopentadiene made its use in a glove box unfeasible due to its probable 

contamination of other reactions in the glove box. It could not be used on a benchtop due 

to its strong, unpleasant odor. These conditions necessitated the use of DCPD in a fume 

hood. Although the Grubbs’ catalysts are mildly air sensitive, they are stable in the solid 

state and can be readily handled under ambient conditions if solutions are used 
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immediately after mixing the catalyst with solvent.345,347,397,398 Because of these issues, all 

polymerizations were carried out in a fume hood with catalyst solutions that were mixed 

and then immediately used. No care was taken to degas the monomer or other solvents.  

 

 

 

Figure 27 Formation and functionalization of PDCPD a) Our method to functionalize 
PDCPD to assemble amines into monolayers. b) A schematic of PDCPD-
amine to illustrate that the amine bonds to the surface and PDCPD-Br extends 
into the bulk that eventually is solely PDCPD. 

The first generation Grubbs’ catalyst was initially studied because of its lower 

cost relative to the second generation Grubbs’ catalyst (Table 3). DCPD was quickly 

polymerized with this catalyst at monomer to catalyst loadings of 1,000 to 1, but the 

polymer was darkly colored.  Lower catalyst loadings were attempted at evaluated 

temperatures by immersing DCPD in a glass flask into an oil bath and adding the catalyst 

after the DCPD thermally equilibrated. These polymerizations yielded viscous liquids or 

gels due to incomplete polymerizations.  
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Table 3 Polymerization of dicyclopentadiene with the Grubbs’ catalysts.  

Entry Monomer/Catalyst Catalyst Temp (oC) aTime bState 

1 1,000 G1 RT 3 min Solid 

2 10,000 G1 60 72 h Liquid 

3 100,000 G1 60 72 h Liquid 

4 1,000,000 G1 60 72 h Liquid 

5 10,000 G1 90 48 h Soft Solid 

6 100,000 G1 90 48 h Gel 

7 1,000,000 G1 90 48 h Liquid 

8 10,000 G2 25 18 h Soft Solid 

9 10,000 G2 c25 -> 50 16 h Soft Solid 

10 100,000 G2 c25 -> 50 16 h Liquid 

11 1,000,000 G2 c25 -> 50 16 h Liquid 

12 10,000 G2 50 1 min Solid 

13 100,000 G2 50 4 h Liquid 

14 1,000,000 G2 50 4 h Liquid 

15 10,000 G2 55 3 min Solid 

16 20,000 G2 55 3 min Solid 

17 30,000 G2 55 3 min Solid 

18 80,000 G2 55 24 h Liquid 

19 100,000 G2 55 24 h Liquid 

20 1,000,000 G2 55 24 h Liquid 

21 10,000 G2 80 d1 s Solid 

22 100,000 G2 80 16 h Soft Solid 
aThe time each polymerization was allowed to proceed before the observation of 

its final state. bThe physical state of the final polymer. cThe catalyst and DCPD were 
added at room temperature and the vial was immediately immersed into an oil bath set at 
50°C. dAn approximate time was used because this polymerization was very rapid.  
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Because the best polymerization with the Grubbs’ first generation catalyst yielded 

a darkly colored polymer due to residual Ru in the sample, the second generation Grubbs’ 

catalyst was investigated. This catalyst is much more active than the first generation 

catalyst while still maintaining acceptable stabilities towards oxygen and elevated 

temperatures.347  

Initial attempts to yield a hard polymer by carrying out the polymerization at 

room temperature or by mixing catalyst and monomer at room temperature followed by 

gradual heating to 50°C failed. When the monomer was heated prior to the addition of 

catalyst, it polymerized to yield a hard polymer in less than a minute at monomer to 

catalyst loadings of 10,000 to 1, but did not yield a hard polymer at much higher loadings 

of 100,000 or 1,000,000 to 1. A temperature of 55°C was chosen based on literature 

reports that indicated the catalyst was highly active at this temperature but did not 

decompose rapidly. A range of monomer to catalyst loadings were attempted, and the 

highest loading of monomer that yielded a hard polymer was 30,000 to 1. Higher 

temperatures did not yield hard polymers at monomer to catalyst loadings above 30,000 

to 1. Monomer to catalyst loadings of 20,000 to 1 were used throughout the remainder of 

the experiments due to a very slight, but still noticeable, odor of DCPD in the polymer 

produced from monomer to catalyst loadings of 30,000 to 1.  

This method was followed for most samples, but a slightly modified method was 

used to yield large, flat samples. In this method, PDCPD was heated to 55°C and the 

Grubbs’ catalyst (at monomer to catalyst loadings of 20,000 to 1) was added. The 

solution was immediately transferred to a glass petri dish within a glass vacuum 

desiccator. The atmosphere was evacuated and the sample was placed under N2. The 

sample was added to an 80°C oven for 30 min to complete the polymerization. Polymers 

produced by both methods appeared slightly yellow, but were mostly transparent even for 

samples over an inch thick. The latter method was used for all of the characterization 

experiments due to the ease of working with a flat, rather than a curved, surface.  
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PDCPD was studied by XPS and attenuated total reflection-infrared (ATR-IR) 

spectroscopy with a Ge hemisphere in contact with the polymer sample to confirm its 

composition and presence of functional groups (Table 4 and Figure 29). The XPS 

spectrum showed that the sample was composed of carbon (98.6%) with a small amount 

of oxygen (0.9%) and, surprisingly, silicon (0.4%). Ruthenium was not observed due to 

its low concentration in the polymer.  

 

 

 

Figure 28 The survey and high resolution scans of C for a) PDCPD, b) PDCPD-Br, and c) 
PDCPD-amine. Fits to the high resolution scans are shown. 

Although the presence of oxygen is not surprising because olefins are readily 

oxidized via radicals or by ozone and these reactions would be accelerated at elevated 

temperatures such as those used for the polymerization; the presence of silicon was 

unexpected. In work by Hilborn et al., they polymerized DCPD with Grubbs’ catalyst and 

observed at surface with 14.21% of oxygen and 6.11% of silicon by XPS.167 They 

attributed the presence of silicon and oxygen to either glass particles embedded in the 

polymer or siloxane contamination with only minimal oxidation of the olefins in PDCPD. 



 

 

80 

Interestingly, our results also showed some Si and O but at significantly lower amounts, 

yet still in a nearly 2:1 ratio.  

An experiment was carried out to determine if Si originated from advantageous, 

small glass shards embedded in the surface or from siloxane found in vacuum oils or 

other materials in contact with the polymer. Dicyclopentadiene polymerized rapidly at the 

elevated temperatures used in these experiments – the polymer is a hard solid within three 

minutes – and underwent a slight contraction as it polymerizes. These conditions might 

allow small, residual glass to become imbedded in the surface. If this was the source of Si 

and O in the polymer, the glass would only be located on the surface of PDCPD and not 

in its interior, so a slab of PDCPD was cut in half and the interior was characterized by 

XPS. Similar levels of Si and O were seen in the interior of PDCPD, which indicated that 

it was not due to glass particles embedded during the polymerization process. The 

presence of Si and some of the O were mostly likely due to contamination by silicones 

such as from exhaust from vacuum oils.  Slabs of PDCPD were placed under vacuum for 

extended periods prior to being loaded into the XPS chamber; it is possible that the 

polymer became contaminated from the oil vapor at this stage or from silicon greased 

joints. Although we were unable to eliminate the source of the O and Si, they were only 

small impurities in the XPS spectra of PDCPD.  

ATR-IR spectroscopy was used rather than a bulk measurement, such as by 

passing IR light through a PDCPD sample, so the surface chemistry could be studied 

(Figure 29a). In ATR-IR spectroscopy with a GATR accessory from Harrick, a polymer 

sample is placed into contact with the flat section of a Ge hemisphere.399-401 IR light is 

passed through the hemisphere and reflected from the flat surface. Only the top 100 to 

200 nm of the surface of the solid in contact with the Ge hemisphere is imaged by the IR 

light. The distance into the material that is imaged depends on several factors including 

the index of refraction of the material and the wavelength of light, but a good estimate for 

PDCPD is 100 to 200 nm for the range of the IR spectrum that is shown in Figure 29a. 
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These values for the penetration of the IR light are explained in more detail in the 

Apendix B. The IR spectrum shows a strong peak for the Csp2-H peak at 3044 cm-1 and a 

weaker peak at 3004 cm cm-1. These peaks are smaller than the Csp3-H peaks that fall 

below 3000 cm-1 as expected from the composition of this polymer. The presence of 

olefins was further confirmed by the appearance of a weak peak for C=C at 1620 cm-1. 

The presence of oxygen in the XPS spectrum suggested the presence of alcohols or 

carbonyl groups, but no peaks could be conclusively assigned to either of these functional 

groups. The absence of these peaks was not surprising and attributed to the low amounts 

of oxygen in the XPS spectrum and its possible presence due to siloxane contamination. 

In summary, the data from the XPS and ATR-IR strongly suggest that PDCPD was 

formed with very low levels of oxidation of the olefins.  

 

 

 

 

Figure 29 ATR-IR spectrum of a) PCDPD and b) PDCPD-Br. 
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Synthesis and Characterization of PDCPD-Br.  

Br2 is a dense, dark liquid with a low boiling point (58.8°C) and high vapor 

pressure at room temperature (175 mm Hg). It rapidly reacts with olefins; in fact, Br2 is 

used as a classical test for the presence of olefins by the rapid disappearance of a drop of 

dark Br2 when added to a solution of olefin. In our experiments, Br2 rapidly reacted with 

PDCPD when it was exposed either as a vapor or as a 1 M solution in THF. In both 

examples, PDCPD was exposed to Br2 for less than ten seconds and the olefins were 

brominated as seen by XPS and ATR-IR spectroscopy. Longer exposures of PDCPD to 

Br2 leads to the polymer becoming dark and cracked but did not increase the ratio of 

carbon to Br in the XPS spectra. The procedure followed to generate PDCPD-Br for all of 

the samples was to dip the polymer in a 1M solution of Br2 in THF for less than two 

seconds followed by extensive washing with organic solvents.  

 The reaction between PDCPD and Br2 was so rapid that it was not possible to 

monitor its kinetics by XPS or ATR-IR spectroscopy, so the final polymer was studied.  

ATR-IR spectroscopy showed a near complete disappearance of the Csp2-H peaks and a 

smoothing of the Csp3-H peaks (Figure 29b). The peak assigned to the C=C bond at 1620 

cm-1 in PDCPD was nearly absent in PDCPD-Br. This indicates that most of the olefin 

reacted, but that some of the olefins remained.  That result is not surprising because the 

polymer was highly cross-linked and some olefins would not be accessible for reaction 

with Br2. A new, broad peak appeared at 1705 cm-1 that was tentatively assigned to a 

weak carbonyl stretch due to oxidation of olefins to yield either ketones or aldehydes. 

Not surprisingly, ATR-IR spectra also showed a weak, broad signal for O-H at 

approximately 3375 cm-1.  It is well known that Br2 in the presence of water – such as the 

water found in THF used to dissolve Br2 – will react to add both Br and OH across an 

olefin (this is called the halohydrin reaction). Some O-H was expected, and it was found 

in the ATR-IR spectrum.  
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The XPS spectra of PDCPD-Br showed mostly C and Br with some oxygen 

(Table 4). Interestingly, the ratio of C to Br was approximately 6:1 although the ratio 

would be 5 to 2 if all of the olefins reacted with Br2. Clearly, the surface was not 

completely brominated, but longer exposures to Br2 did not result in a higher C to Br 

ratio. From the difference between the measured and expected C to Br ratio, it was 

determined that approximately half of the olefins reacted to yield the expected product. 

The likely reasons for the low C to Br ratio is that steric crowding around some olefins 

limited access to them, partial or full oxidation of the olefins with oxygen resulted in 

fewer olefins to react with Br2, and advantageous water reacting with Br2 and an olefin to 

form a halohydrin product with one C-Br and one C-OH bond. The ATR-IR spectrum of 

PDCPD-Br certainly shows the presence of an O-H bond, which is consistent with 

oxidation of the surface or formation of a halohydrin on the surface. Because of these 

limitations, the “yield” of bromination was approximately 50% as determined by XPS.    

Synthesis and Characterization of PDCPD-Amine.  

Amines readily react with alkyl bromides, and others have shown that they will 

react with alkyl bromides attached to monolayers.  In contrast to the reaction between 

olefins and Br2 which is complete in seconds, the reaction between alkyl bromides and 

amines is slower but can be completed in hours depending on the conditions used and the 

ability of an amine to approach the backside of an alkyl bromide. This reaction proceeds 

via a SN2 mechanism, so it is sensitive to steric bulk around the amine and, to a greater 

extent, around the alkyl bromide. For instance, Fryxell et al. assembled monolayers of 

Si(CH2)17Br on glass slides and studied the displacement of the bromide with azides.402 

The reaction was initially rapid with approximately 50% of the bromides displaced with 

azide in four hours, but complete reaction was not observed until 48 to 60 h.  

Murray et al. studied the reaction between n-propyl, isopropyl, and tert-butyl 

amine with mixed monolayers assembled on monolayer-protected Au clusters composed 
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of approximately 145 Au atoms.403 When mixed monolayers with ratios of 19.9 to 1 or 

4.5 to 1 of HS(CH2)11CH3/HS(CH2)11CH2Br were exposed to amines, the reaction with n-

propyl amine was 95% complete in 3 h at room temperature and the other amines were 

more sluggish. The authors demonstrated that the reaction between these monolayers and 

n-propyl amine was as rapid as between 12-bromododecane and n-propyl amine freely 

dissolved in solution, so the steric environment of the monolayer did not hinder the 

desired reaction. When mixed monolayers were used with an alkyl thiol longer than the 

thiol with the alkyl bromide (a ratio of 4.2 to 1 of monolayers assembled from 

HS(CH2)11CH3/HS(CH2)7CH2Br or a ratio of 10 to 1 of monolayers assembled from 

HS(CH2)11CH3/HS(CH2)2CH2Br), the alkyl bromides were buried within the monolayer. 

In the first example, the reaction went to only 59% conversion in 3 h, and in the second 

example, the conversion was only 5% in 3 h.  Clearly, the reaction between n-propyl 

amine and the monolayers were slowed due to inability of the amine to do a backside 

attack on the C-Br bond.  

These results indicate that the displacement of a Br with an amine will be rapid 

for alkyl bromides only at the surface and those that are buried within the polymer will be 

much less reactive. To study this reaction, an amine with a CF3 group (molecule A in 

Figure 31) was used. This molecule was chosen because it contains fluorines that can be 

readily detected by XPS; yet, it will have similar reactivities to other alkyl amines.   

Initial studies of the reaction between PDCPD-Br and A were carried out to 

determine how quickly surface alkyl bromides reacted with A. In Table 4, the atomic 

compositions measured by XPS are shown for various times for the exposure of the 

surface to molecule A dissolved in DMF. The surface was washed with copious amounts 

of organic solvents to remove any residual A that was not bonded to the surface. Only the 

survey scans and a high resolution scan of the carbon region were measured for each 

surface due to surface decomposition as the high resolution scans were acquired. 
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This decomposition was reported by others and was noticed in this work because 

the atomic compositions of the same surface were different depending on the order of 

acquisition of high resolution scans when carbon, fluorine, bromide, and silicon were 

obtained.402 No noticeable decomposition was observed for the survey scans. The percent 

of fluorine measured from the survey scan versus the amount of time PDCPD-Br was 

exposed to the amine was plotted as shown in Figure 30. Clearly, the reaction was mostly 

complete within 4 h, although the amount of F continued to rise even at 88 h. These 

results were consistent with the results found by Murray for the reaction of bromide-

terminated monolayers on Au clusters and freely dissolved amines.403  

Figure 30 The F to C ratio for PDCPD-amine surfaces as a function of time PDCPD-Br 
was exposed to PDCPD-Br.  

Only the surface alkyl bromides reacted and the fluorine was found as a 

monolayer on the surface rather than in the bulk near the surface. There are three pieces 

of evidence to support this assertion.  First, the ATR-IR spectra of PDCPD-amine 

appeared unchanged from PDCPD-Br. If all of the alkyl bromides had reacted, the Csp2-

H peak would have grown in intensity along with an appearance of an aromatic C=C 

peak.  
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Table 4 XPS results from a variety of surfaces. 

    

aAtomic % 

Composition 

bCarbon %  

Region 

  cTime C O Br F C-C C-Br CF3 

PDCPD  98.6 0.9 0.0 0.0 100.0 0.0 0.00 

PDCPD-

Br  82.1 3.9 13.9 0.0 70.1 29.9 0.00 

PDCPD-

Amine (20 min) 77.3 4.1 17.4 1.2 67.6 31.7 0.70 

PDCPD-

Amine (1 h) 79.4 3.9 15.3 1.4 71.9 27.6 0.40 

PDCPD-

Amine (2 h) 74.4 5.5 18.0 1.5 68.3 31.2 0.45 

PDCPD-

Amine (8 h) 78.3 5.4 14.6 1.7 68.4 30.9 0.73 

PDCPD-

Amine (48 h) 76.4 4.9 16.4 2.3 69.4 29.8 0.83 

PDCPD-

Amine (88 h) 75.5 7.9 14.1 2.5 68.9 30.3 0.80 

  a Atomic compositions survey scans.  b Atomic compositions from high 
resolution scans of the carbon region. c The time PDCPD-Br was exposed to the 
amine shown in Figure 27.  
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ATR-IR spectroscopy images the top 100 to 200 nm of a polymeric surface so a 

large increase in molecule A bonded to the surface and subsurface alkyl bromides would 

have been noticeable, but if molecule A only reacted with surface alkyl bromides the 

ATR-IR micrograph would be unchanged.  A second piece of evidence was that the 

amount of Br in the XPS spectra for PDCPD-amine was similar to that found for 

PDCPD-Br. XPS is very sensitive to the top several nanometers of a surface; thus, it is an 

excellent technique for finding surface compositions. This analysis indicated that much of 

the alkyl bromides in the top ten nanometers did not react. 

 

The most compelling piece of evidence for the location of molecule A on the 

surface is found by measuring the ratio of the peak area, Ap, to the background height, B, 

measured 30 eV below the peak energy in an XPS spectrum (Figure 31). This method 

was developed by Tougaard to investigate whether an atom is present only on the surface 

(Ap/B >30 eV), is uniformly distributed (Ap/B = 25 eV), or is localized beneath the 

surface (Ap/B <20 eV).404-406 To test the validity of this method the Br peak in PDCPD-Br 

was examined (Figure 31a). The value for Ap/B was found to be 23.7 eV, which agrees 

with the prediction that Br is uniformly distributed as expected from the ATR-IR and 

XPS micrographs. To learn whether the fluorine was found only on the surface, PDCPD-

Br was exposed to molecule A for 24 h and then studied by XPS. The value for Ap/B was 

found to be 109.8 eV, which was a high number in this analysis and provided critical 

evidence that the CF3 group is found only on the surface and is not buried within the 

polymer.  

Because molecule A is found only on the surface, an estimate for its surface 

coverage can be found by XPS. Approximately 1.37 molecules of A were found per nm2; 

the calculations can be found in the supporting information. This result can be compared 

to the density of monolayers found on Au to provide a framework for understand the 

density of A on PDCPD. For instance, when a monolayer of HSCH2Ph on Au was 
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studied, the average density of the molecule was found to be 4.9 molecules nm-2.407 This 

value represents an upper limit for monolayers of this structure and clearly demonstrates 

 

Figure 31 XPS spectra a) The high resolution scan of Br (3p) to demonstrate the increase 
in the background at higher binding energies. b) The high resolution scan of F 
(1s) does not show an appreciable increase the background for higher binding 
energies.  

that our monolayers were less than a full monolayer and are better described as 

submonolayers.  

These results make it possible to offer an interpretation of the curve in Figure 30. 

At short times of less than 4 h, the most sterically accessible alkyl bromides reacted with 

amines. The gradual increase of the F to C ratio at longer times indicates that some of the 

less sterically accessible surface alkyl bromides or, possibly, some that were buried near 
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the surface, reacted with the amines. The latter alkyl bromides were slower to react due to 

steric crowding that hindered the SN2 reaction.  

Patterning of Amines on PDCPD.   

The formation of monolayers is important, but they must be patterned for many 

applications. To address this issue, PDCPD-Br was patterned with amines using 

polydimethylsiloxane (PDMS) slabs common in soft lithography.296,299-301,408-411 A PDMS 

slab patterned in bas-relief was placed onto a flat surface of PDCPD and a solution of 

tris(2-aminoethyl)amine was flown through it for 16 h. After removal of the PDMS slab 

and copious washing with organic solvents, the sample was imaged by SEM. Initially, the 

pattern was challenging to observe because an organic monolayer on an organic polymer 

can have poor contrast.  
 

 

 

Figure 32 SEM micrographs of wavy lines patterned by soft lithography onto PDCPD. 
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To improve the contrast, the patterned sample was completely immersed into a 

solution of CuBr2 in methanol prior to imaging by SEM. Cu(II) bonds well to the ligand 

that was patterned on the surface, and it would provide better contrast in the SEM 

micrographs. Because the entire polymer sample was exposed to CuBr2 but only the 

monolayer was patterned, any contrast can be attributed to the formation of a monolayer 

of the amine. In Figure 32, SEM micrographs clearly show that the sample was patterned.  

Conclusions 

Due to its increasing importance, we developed the first method to assemble and 

pattern organic monolayers on PDCPD. This polymer has many attractive physical 

properties – such as high toughness, high corrosion resistance, optical transparency, and 

high impact resistance – and a low cost such that a variety of applications is possible. We 

assembled the first well characterized monolayers on this polymer using inexpensive 

reagents under reasonable periods of time. The reaction with Br2 is complete in seconds, 

and the subsequent reaction with amines takes longer times but provides a monolayer in 

under 4 h. It is important to note that although we did not demonstrate it, our method is 

compatible with a wide variety of amines that expose different functional groups. 

Because many molecules that others attach to a variety of surfaces use amines as the 

linker, the flexibility of our method is important because it can be applied in many fields.   

The monolayers assembled with this method were not densely packed; rather, 

they were at a density approximately 28% times less than a well-packed monolayer on a 

coinage metal. The low density of monolayers was attributed to incomplete reaction of 

surface carbon-bromide bonds that are not orientated correctly for a SN2 reaction with an 

amine in solution, partial oxidation of the olefins resulting in a lower value for the density 

of carbon-bromide bonds, and the lack of a crystalline, dense arrangement of C-Br bonds 

on the surface. These limitations did not seem to have simple solutions, but are rather 
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limitations in working with this material. Regardless, these monolayers are dense enough 

for many applications where a full monolayer is not needed or even desired.  

Experimental  

Materials and Instruments.  

Grubbs’ 2nd Generation catalyst (Sigma Aldrich), dichloromethane (Fisher), 

bromine (Fisher), 4-(trifluoromethyl)benzylamine (Sigma Aldrich), tris(2-

aminoethyl)amine (Fisher), and dicyclopentadiene >95% (Fluka) were used as received 

with no further purification. 

SEM images where taken on an Hitachi S3400 SEM in variable pressure mode 

with a back scattered detector at pressures between 30 and 60 Pa and accelerating voltage 

of 15 KV. XPS spectra were recorded on an Axis Ultra using Al kα X-ray source at a 90° 

take off angle.  Samples where placed in the sample exchange chamber until out gassing 

of any residual solvent or gas had diminished. Survey spectra were recorded at 1 eV 

intervals with a dwell time of 200 ms. High resolution spectra taken at 0.1 eV intervals 

with a dwell time of 1000 ms. ATR-IR spectra were recorded on a Brucker Tensor 27 

with a liquid nitrogen cooled MCT detector. The samples where mounted on a Harrick 

GATR accessory. The ATR-IR spectra where taken at a resolution of 4 cm-1 for 1024 

scans.   

Synthesis of PDCPD.  

10 mL of DCPD heated to 55 °C was mixed with 3.2 mg of Grubbs’ 2nd 

generation catalyst dissolved in 100 µL of dichloromethane. This sample was transferred 

to a glass petri dish and filled to depth of 1-2 mm before being placed in a glass 

desiccator. The desiccator was placed under vacuum and backfilled with nitrogen three 

times to remove oxygen. It was then placed in oven at 80 oC for 30 minuets.  

Polydicyclopentadiene (PDCPD) was cut into pieces for use in experiments.  Thin films, 
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for use in patterning, was cast as a solution prepared as above between two microscope 

slides and heated on a hot plate until cured.  The slides were separated leaving the film 

behind on one of the slides. 

Bromination of PDCPD. 

 PDCPD was immersed in 1 M bromine solution in THF for several seconds. 

Upon removal, the surface was rinsed with copious amounts of acetone. Exposure of 

PDCPD for greater than 30 sec caused the polymer to become dark and crack.   

Reactions of PDCPD-Br with Amine. 

A solution of 100 µL of 4-(trifluoromethyl)benzylamine in 10 ml DMF was 

prepared prior to reaction. PDCPD-Br was immersed into this solution for different times. 

The sample was washed with copious amounts of methanol and dried under a stream of 

nitrogen after removal from the solution. 

Patterning of PDCPD. 

Thin films of PDCPD-Br were prepared as described above.  A slab of 

polydimethylsiloxane (PDMS) patterned in bas-relief to form microfluidic channels was 

placed on the surface. A solution of 0.5 ml tris(2-aminoethyl)amine in 10 mL of  DMF 

was flown through the microfluidic channels for 16 hours at a flow rate of 500 µL h-1 

with a syringe pump.   The channels were flushed with DMF for 1 h before removal of 

the PDMS.  These samples were of an organic monolayer on an organic polymer so the 

contrast under SEM was poor. To enhance the contrast, the patterned samples were 

completely immersed in a 0.1 M solution of CuBr2 for 1 h, followed by washing with 

copious amounts of water. 

Supporting Information Available. 

Estimation of the surface coverage of the amine and the depth penetration of 

ATR-IR spectroscopy can be found in the supporting information in Appendix B.  
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CONCLUSION 

Monolayers on silicon are important targets for the integration of semiconductor 

technology and chemistry.  Some of the issues that we addressed that are necessary for 

monolayers on silicon to be useful to many scientists are their long term stability, what 

functional groups can be displayed on their surface, and whether they can be patterned. 

The long term stability of monolayers on silicon has yet to be achieved.  To be 

used in many applications, monolayers will have to be stable for months when exposed to 

atmospheric conditions.  Monolayers that we assembled started to degrade by oxidation 

over several days when exposed to organic solvents. These monolayers showed an 

eventual degradation by oxidation, particularly in the presence of water.   

The underlying concept that limits the stability of these monolayers is that their 

formation is a kinetic process.  Once a reaction has occurred between a surface hydride 

and organic molecule, the molecule will not equilibrate between surface Si atoms.  The 

radical mechanism for formation of a monolayer by a random walk on the surface is 

likely to create pinhole defects. These pinhole defects have been observed by electrical 

measurements through changes in impedance.  The step-flow mechanism to assemble 

organic monolayers on silicon(111) is a contrast to monolayer formation of thiols on 

gold, which is a thermodynamic process under equilibrium conditions.  SAMs on gold 

are well ordered and mostly free of defects that hinder their application.  With a kinetic 

process any defects that form will persist.   

The formation of silicon oxide is thermodynamically favored so any monolayers 

formed on silicon are inherently unstable.  To prevent monolayers on silicon from 

degrading, the monolayer must be impenetrable to any molecules that cause silicon to 

oxidize.  By contrast, monolayers on gold and diamond do not suffer this drawback as 

they do not oxidize. 
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The crystalline packing of the alkyl chains on silicon is critically important.  The 

spacing of silicon atoms on the surface (3.84 Å) relative to the size of alkyl chains (4.2 

Å) means that not all silicon atoms can be capped with an alkyl group and reactive 

hydrides will always be present.  These silicon hydrides can react with small molecules 

that diffuse through the monolayer.  Water can react with silicon hydrides to form 

hydroxyls that introduce disorder and lead to a layer of silicon oxide.  Once formed, these 

defects can grow and degrade the monolayer.  Oxidation of the silicon substrate alters its 

electrical properties, and this degradation has hindered the use of these monolayers in 

electronic devices. 

To slow surface oxidation on silicon, denser monolayers should be assembled.  

However, because of the size of the alkyl chains (4.2Å) relative to the inter-silicon 

distance (3.84Å), it will never be possible to cap all the silicon hydrides on the surface. 

One possible route to increase monolayer coverage that we briefly studied is the 

use of dendrimers to add steric bulk to the surface.  Ester terminated monolayers 

generated by UV light412 were previously reported, and we showed that it was possible to 

react these surface esters with amines to yield amides.  A diamine reacted with the 

surface esters, and exposed a free amine on the surface. These amines can then be further 

reacted with methyl methacrylate through a Michael addition to yield a new ester 

terminated surface; each amine may undergo two Michael additions.  This process can be 

repeated to increase the density of the monolayer.  By using long alkyl chain diamines, 

the density of hydrophobic alkyl chains can be increased.  We believe that this approach 

may cover defects to protect these sites from oxidation.  Our preliminary work indicates 

this could be an interesting approach to address this problem. 

The functionalization of surfaces will be important for potential applications of 

silicon monolayers, and carboxylic acids are a useful terminal group because of their 

various reactions.  We demonstrated the ability to form carboxylic-acid terminated 

monolayers directly on a silicon surface.  These monolayers were shown to be attached 
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through the olefin and not the acid group.  These surfaces were modified by forming 

amides via an activated anhydride as observed by contact angle goniometry and IR 

spectroscopy.  Reactions with amines are significant because they can be used to anchor 

important molecules, such as proteins or DNA, for the use in biosensors.   

Mixed monolayers containing two different functional groups are one approach to 

protect the surface and incorporate useful functional groups.  A thick alkane layer can 

protect the surface from oxidation and a second molecule with a different functional 

group can be assembled at the same time.  Alkanes with diverse functional groups tend to 

occupy a different spatial conformation than alkyl chains, leading to disordered packing 

and a loss of surface protection from oxidation. This problem is alleviated with mixed 

monolayers.  Mixed monolayers also have the added advantage that they reduce the steric 

crowding around the functional group, making them more accessible to reagents in 

further steps. We made mixed monolayers of methyl and olefin terminated surfaces. The 

olefin was accessible to react with Grubbs 1st generation catalyst, and it was possible to 

do both cross metathesis and ROMP to add new molecules to the surface.  The Grubbs 

catalyst was tolerant towards many functional groups and opened up a range of molecules 

that could be exposed on a surface.  This versatility was exploited in our work to pattern 

surfaces by performing two different reactions with the same catalyst on different regions 

of the surface. 

Simple patterning was possible with PDMS microfluidic devices laminated to a 

surface.  The limitations of the patterns were due to the fabrication method of the masters 

by rapid prototyping which resulted in rough edges along the inside of the channels.  The 

edges of patterned surface exhibited the same roughness as the PDMS microchannels 

which demonstrated that the pattern conformed well to the stamp. We combined our 

different functionalization methods with this patterning technique to selectively 

functionalize the surface with micron-sized patterns. 
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Most importantly, we demonstrated a new soft lithographic technique, PENs, to 

pattern a silicon monolayer.  By exploiting the reactivity of the Si-O bonds in PDMS, it 

was possible to controllably etch PDMS using fluoride containing species.  We patterned 

polymer lines with widths from tens of nanometer to several microns.  The lower limit of 

this technique was not found due to the difficulty in visualizing the resulting patterns with 

the chemistry that we used.  Further work on this technique could involve the adaptation 

of this technique to another surface or to use an alternative set of reactions. 

We demonstrated methods to functionalize the surface of polydicylcopentadiene.  

PDCPD has generated interest because it can be synthesized to a highly cross-linked 

network with the Grubbs catalyst, and it has a high concentration of double bonds 

throughout the polymer.  Double bonds were exploited to functionalize the surface by 

using an intermediate alkyl bromide.  The addition of bromine to double bonds was a 

rapid reaction that led to extensive bromination of the polymer.  The bromide could be 

displaced in a substitution reaction on the surface by amines.  Examination by XPS gave 

an estimated coverage of 0.9595 amines per nm2 representing a 28% coverage compared 

to a reported phenyl monolayer on gold.  PDMS was patterned with tris(2-

aminoethyl)amine using a PDMS microfluidic device with dimensions in the tens of 

microns.  Because of the similarity of PDCPD to the monolayer, the patterned region was 

decorated with copper to aid visualization by SEM. 

Further work may be to explore the potential uses of surface functionalized 

PDCPD.  It is anticipated that this hybrid material will have interesting properties in the 

gating of molecules through a PDCPD matrix.  PDCPD thimbles have been used to 

perform site isolation reactions,413 by adding certain functional groups it may be possible 

to alter which molecules diffuse through PDCPD.  Surface functionalization can be used 

to add a layer of PEI that can be protonated and deprotonated.  It is expected that this 

protonation will alter the diffusion properties through the layer.  A dense amine 
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containing layer will also trap metals such as copper, preventing their diffusion.  This 

increased control would be useful in development of site isolation reactions. 
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APPENDIX A CROSS METATHESIS ON OLEFIN-TERMINATED 

MONOLAYERS ON SI(111) USING THE GRUBBS’ CATALYST 

Abstract:   

This appendix reports the functionalization and patterning of olefin-terminated 

monolayers on Si(111) through cross metathesis.  A simple, one-step synthesis of a 

diolefin – CH2=CH(CH2)9O(CH2)9CH=CH2 – was developed from commercially 

available starting materials.  Mixed partially olefin-terminated monolayers of this novel 

diolefin and 1-octadecene on hydrogen-terminated Si(111) were obtained.  The olefins 

are raised above the rest of the monolayer and thus sterically accessible for further 

functionalization. Olefin-terminated monolayers were reacted with the Grubbs’ first 

generation catalyst and olefins in solution that were terminated with fluorines, carboxylic 

acids, alcohols, aldehydes, and alkyl bromides.  Characterization of these monolayers 

using X-ray photoelectron spectroscopy and horizontal attenuated total reflection infrared 

spectroscopy demonstrated that olefins on the surface had reacted via cross metathesis to 

expose fluorines, carboxylic acids, aldehydes, alcohols, and bromides.   Through 

calibration experiments, we demonstrated a simple 1:1 correspondence between the ratio 

of olefins in solution used in the assembly and the final composition of the mixed 

monolayers.  Finally, these monolayers on silicon were patterned on the micrometer-size 

scale by soft lithography using microfluidic channels patterned into PDMS stamps.  

Micrometer-wide lines of polymer brushes were synthesized on these monolayers and 

characterized by scanning electron microscopy.  In addition, olefin-terminated 

monolayers were patterned into micrometer-sized lines exposing carboxylic acids by 

cross metathesis with olefins in solution.  This method of patterning is broadly applicable 

and can find applications in a variety of fields including the development of biosensors 

and nanoelectronics.   
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Introduction 

The field of monolayers on silicon is growing rapidly as new, mild methods for 

their assembly have been recently reported.121,226-228,234-236,248,252-254,263,264,267,270,271,279,331-

333,335,336,366,414-419  Self-assembled monolayers (SAMs) on silicon are an important area of 

research as they combine the selectivity of organic chemistry with the terrific electronic 

properties of silicon.   For instance, new sensors that expose DNA, proteins, 

carbohydrates, porphyrins, or other biologically relevant functional groups on the surface 

of monolayers on silicon have been reported.234,251-253,259,260,332,333  These sensors offer 

new possibilities to exploit the opportunities of combining biotechnology with silicon 

technology and will open up new avenues in science and technology.   

Despite these advances, methods to assemble monolayers on silicon are intolerant 

of most functional groups or require multiple gram quantities of starting materials that 

make them impractical for the synthesis and assembly of complex, expensive molecules.  

Methods to assemble monolayers on silicon begin with hydrogen-terminated Si(111); this 

surface is unstable and readily oxidizes to form a thin layer of SiOx on the 

surface.281,282,420  Although crystalline monolayers on silicon protect it from oxidation, 

the assembly is slow such that side reactions between hydrogen-terminated Si(111) and 

most functional groups limits what can be displayed.  The most successful approach 

around this problem is to first assemble an ordered monolayer and functionalize it in a 

second step.121,226-228,234-236,248,252-254,263,264,267,270,271,279,331-333,335,336,366,414-419  In this paper 

we report a new, versatile approach that uses cross metathesis via the Grubbs’ first 

generation catalyst to functionalize olefin-terminated monolayers on silicon with a wide 

variety of functional groups.   

We and others recently reported mild methods to assemble well-ordered 

monolayers on Si(111) that can extend the range of functional groups displayed on its 

surface.121,226-228,234-236,248,252-254,263,264,267,270,271,279,331-333,335,336,342,366,414-419,421  Monolayers 

on Si(111) that display esters, amides, alcohols, acids, alkyl halides, and acid chlorides 
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have been assembled and characterized.  These monolayers are useful as they can be 

functionalized in subsequent steps, but important questions remain about their stabilities 

or whether these monolayers can be assembled over large areas.  For instance, reports on 

acid-terminated monolayers demonstrated that they had limited stabilities in aqueous 

solvents or their stabilities were not reported.248,249,257,259,260,279,421   Monolayers 

terminated with alkyl halides or acid chlorides were assembled by scribing silicon and 

yielded a monolayer covering a fraction of the area of a silicon wafer.121,229,274,275,422  The 

field of monolayers on silicon would benefit greatly from more mild methods to assemble 

functional monolayers that protect the surface from oxidation.  

We wished to assemble olefin-terminated monolayers as Si(111)-H is tolerant of 

this functional group and these olefins provide a useful functional group for further 

functionalization through cross metathesis (Scheme 1).342,421  Cross metathesis is a simple 

reaction, the reaction between two terminal-olefins results in the formation of a double 

bond and the release of ethylene.345,350-353,398,423-425  The release of ethylene can be used to 

drive this reaction to quantitative conversions.  We choose to use the Grubbs’ first 

generation catalyst as it is less sensitive to functional groups than those based on Ti, Mo, 

and W; it catalyzes cross metathesis reactions at low catalyst loadings; and it is over four 

times less expensive than the Grubbs’ second generation catalyst.345,350-353,398,423-425   This 

catalyst has been used to carry out cross metathesis reactions between proteins, 

carbohydrates, crown ethers, and numerous small molecules displaying acids, halides, 

alcohols, esters, amides, and amines.345,350-353,398,423-425 

We and others have reported metathesis reactions on monolayers on gold, silicon 

dioxide, or silicon.421,426-436  In most of these examples the Grubbs’ catalyst was reacted 

with strained, cyclic olefins on a monolayer and used to grow polymer brushes from 

surfaces by ring opening metathesis polymerization (ROMP).  In one example, crystalline 

monolayers of HS(CH2)9CH=CH2 were assembled on gold and were reacted by cross 

metathesis with the Grubbs’ second generation catalyst and olefins in solution.437  These 
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monolayers were not patterned nor were the monolayers designed such that the olefins 

would be sterically accessible to react with the Grubbs’ catalyst. 

 

 

 

Figure A-1 An example of cross metathesis between two olefins and catalyzed by the 
Grubbs’ first generation catalyst.   

 In previous work we showed that monolayers assembled from 1-

octadecene and trace amounts of TEMPO-C10 (see Figure 1 for the structure of TEMPO-

C10) were stable and protected the silicon surface from oxidation upon exposure to 

ambient conditions for over two months, water at room temperature for over 20 days, 

chloroform at room temperature for over 14 days, and refluxing chloroform for over 4 

days.342  These results are critical as they show that these monolayers are stable enough to 

have practical applications in fields such as biochemistry, sensors, and tribology.  

Although these monolayers are crystalline and stable under a variety of conditions, being 

terminated with methyl groups limits their use, especially with respect to further 

functionalization.  

In this paper we report the assembly of mixed monolayers of 1-octadecene and 

CH2=CH(CH2)9O(CH2)9CH=CH2, A (Figure 1).  We designed A as a suitable precursor 

to assemble monolayers as it is easy to synthesize in one step from commercially 

available starting materials and it assembles into monolayers that are thicker than those 

assembled from 1-octadecene.  The latter point is important: mixed monolayer of A and 
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1-octadecene will expose olefins on the monolayers above the methyl groups.  Thus, the 

olefins will be easily accessible to react with the Grubbs’ catalyst.   

In this paper we will describe the straightforward, one-step synthesis of A and the 

assembly and characterization of mixed monolayers of A with 1-octadecene.  These 

monolayers were characterized by X-ray photoelectron spectroscopy (XPS) and 

horizontal attenuated total reflection infrared spectroscopy (HATR-IR spectroscopy).  In 

addition, we will describe our results for the functionalization of olefin-terminated 

monolayers with the Grubbs’ first generation catalyst to yield monolayers terminated 

with acids, aldehydes, bromides, and alcohols.  Finally, we will report mild methods to 

grow polymers from these monolayers and their patterning on the micrometer size scale.   

 

Figure A-2 Our method to assemble and functionalize olefin-terminated monolayers by 
cross metathesis.  A silicon wafer with a native layer of SiOx was cleaned and 
then placed in Ar purged 40% H4NF for 30 min to form a hydrogen-
terminated Si(111) surface.  The wafer was immediately immersed in a 
solution of A, 1-octadecene, and trace amounts of TEMPO-C10 for 24 h.  
Cross metathesis between olefin-terminated monolayers and olefins with 
different “R” groups including carboxylic acids, alcohols, bromides, and 
aldehydes was catalyzed by the ruthenium-based Grubbs’ first generation 
catalyst. 
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Experimental Section 

Materials and Methods. 

1-Octadecene (90%), 10-undecenoic acid (98%), 10-undecen-1-ol (99%), 10-

undecenal (97%), 11-bromo-1-undecene (95%), 1,6-dichlorohexane (95%), 1-undecanol 

(98%), potassium tert-butoxide, 5-norbornene-2-carboxylic acid (98%), and 48% 

hydrofluoric acid were purchased from Acros or Aldrich and used as received.  40% 

NH4F was purchased from J.T. Baker and used as received.  All solvents were purchased 

from Acros and used as received.  Single-side polished Si(111) wafers (n-type) were 

purchased from Silicon Inc, Boise, Idaho. 

TEMPO-C10 was synthesized as described in a previous paper.342,421  It was stored 

in a -30 ºC freezer in a glove box under N2.  1-Octadecene and 10-undecenoic acid were 

distilled with a Vigreux column under reduced pressure.  Typically, 500 mL were 

distilled and the middle third of the fractional distillation was used.  The collected 

fraction was transferred to a Kontes flask.  The Kontes flask was evacuated under 

reduced pressure for 48 h and back filled with N2, this process was repeated three times.  

The Kontes flask was stored in the glove box.  

Instrumentation 

 1H and 13C were recorded on a Bruker DPX 300 using CDCl3.  The solvent signal 

was used as internal standard. 

X-ray Photoelectron Spectroscopy (XPS).  X-ray photoelectron spectra were 

obtained on a Kartos Axis Ultra Imaging spectrometer.  Spectra of C(1s) (275-295 eV 

binding energy), O(1s) (525-545 eV binding energy), F(1s) (675-695 eV binding energy), 

Si(2p) (90-110 eV binding energy), Cl(2p) (190-210 eV binding energy), and Br(3d) (60-

70 eV binding energy) as well as survey scans (0-1100 eV) were recorded with a tilt 

angle of 45°.  The atomic compositions were corrected for atomic sensitivities and 
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measured from high-resolution scans. The atomic sensitivities were 1.000 for F(1s), 

0.780 for O(1s), 0.278 for C(1s), 0.328 for Si(2p), 0.891 for Cl(2p), and 1.055 for Br(3d). 

Horizontal Attenuated Total Reflectance Infrared 

Spectroscopy 

These spectra were recorded using a Bruker Tensor 27 equipped with an MCT 

detector cooled with liquid nitrogen.  Monolayers were assembled on Si(111) HATR 

crystals with dimensions of  80X10X5 mm.  The crystals were mounted in a dry air 

purged sample chamber.  Background spectra were performed using freshly oxidized 

surfaces of HATR crystals.  Scans were measured at a resolution of 4.0 cm-1 or 2.0 cm-1. 

Scanning Electron Microscopy 

  Si(111) shards that were patterned as shown in Figure  12 were examined with a 

Hitachi S-4000 Scanning Electron Microscope.  Typically, an accelerating voltage of 5 

kV was used to image the patterns on the surface.  

Synthesis of 11,11/-Oxybis-1-undecene (A) 

10-Undecen-1-ol (60 g, 0.352 mol), triethyl amine (28.4 g, 0.281 mol), and p-

tolulenesulfonyl chloride (26.8 g, 0.140 mol) were stirred under nitrogen at room 

temperature for 24 h in 360 mL of THF.  Potassium tert-butoxide (39.4 g, 0.352 mol) was 

added to the reaction mixture and stirred for 7 h.  The solvent was evaporated and the 

product was extracted with methylene chloride.  After evaporation the product was 

distilled as a colorless oil under vacuum at 200 °C and stored in a -30 °C freezer in a 

glove box.  Yield: 61%. 1H NMR (300 MHz, CDCl3, ppm): δ 5.82 (2H, m), 4.96 (4H, m), 

3.38 (4H, t, J = 6.9 Hz), 2.02 (4H, q, J = 6 Hz), 1.54 (4H, m), 1.28 (24H, m).  13C NMR 

(300 MHz, CDCl3, ppm): 138.9, 114.0, 70.8, 33.7, 29.7, 29.4 (3 peaks), 29.0, 28.8, 26.1. 
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Synthesis of CH2=CH(CH2)9O(CH2)10CH3 
In a round bottom flask, 1-undecanol (58.3 g, 0.154 mol) and potassium tert-

butoxide (38.0 g, 0.339 mol) were added under nitrogen to 250 mL of THF.  The solution 

turned yellow and cloudy.  11-Bromo-1-undecene (35.9 g, 0.154 mol) was added and the 

mixture was refluxed under nitrogen.  The product was isolated as a clear liquid by 

distillation under vacuum at 200 °C and stored in a -30 °C freezer in a glove box. Yield: 

44%.  1H NMR (300 MHz, CDCl3, ppm): δ 5.76 (1H, m), 4.92 (2H, m), 3.36 (4H, t, J = 6 

Hz), 1.99 (2H, m), 1.52-1.25 (32H, m), 0.85 (3H, t, J = 6 Hz).  13C NMR (300 MHz, 

CDCl3, ppm): δ 139.2, 114.0, 70.9, 33.8, 31.9, 29.8, 29.6, 29.5, 29.4 (4 peaks), 29.3, 29.1, 

28.9, 26.2, 22.7, 14.1. 

Synthesis of CH2=CH(CH2)9O(CH2)6Cl 

In a round bottom flask, 10-undecen-1-ol (26.5 g, 0.156 mol) and potassium tert-

butoxide (20.9 g, 0.339 mol) were added under nitrogen to 450 mL of THF.  1,6-

Dichlorohexane (72.4 g, 0.467 mol) was added and the mixture was refluxed under 

nitrogen.  The solvent was removed by evaporation and the product was extracted with 

methylene chloride from water.  The product was purified by column chromatography 

with 3% ethyl acetate/97% hexane.  Yield: 22%. 1H NMR (300 MHz, CDCl3, ppm): 

δ 5.79 (1H, m), 4.94 (2H, m), 3.46 (2H, t, J = 6 Hz), 3.34 (4H, m), 1.97 (2H, m), 1.71 

(2H, m), 1.52-1.33 (20H, m).  13C NMR (300 MHz, CDCl3, ppm): δ 138.8, 113.9, 70.7, 

70.4, 44.7, 33.6, 32.4, 29.6, 29.3 (4 peaks), 28.9, 28.7, 26.5, 26.0, 25.3. 

Assembly of Mixed Monolayers of 11,11/-Oxybis-1-

undecene and 1-Octadecene 
Silicon(111) shards cleaned with a nitrogen gun and rinsed with hexane, acetone, and 

methanol.  The wafers were etched in 1:5 (v/v) of 48% HF/40% NH4F solution for 30 sec.  
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The wafers were oxidized with 1:3 v/v of H2O2:H2SO4 for 1 h at 90 °C.  Caution: Pirhana 

solution is highly dangerous and should be handled with care.  The oxidized wafers were 

washed with water.  The wafers were then etched with 40% NH4F for 30 min under an 

atmosphere of argon.  This process yielded hydrogen-terminated silicon(111).  The wafer 

was dried with a nitrogen gun and immediately transferred to a glove box. 

The shards were immersed in solution of 11,11/-oxybis-1-undecene and 1-

octadecene with 0.1 mole% of TEMPO-C10 in the glove box.  Typically, a mixed 

monolayer with a 1:1 mole ratio of 11,11/-oxybis-1-undecene / 1-octadecene was 

assembled on the hydrogen-terminated Si(111) shards by mixing 11,11/-oxybis-1-undecene 

(3 mL, 2.3 g, 7.0 mmol) and 1-octadecene (2.34 mL, 1.84 g, 7.0 mmol) with 0.1 mole% of 

TEMPO-C10 (0.005 g, 0.007 mmol).  The wafer was sealed in a Schlenk flask under 

nitrogen for 24 h.  After 24 h, the shards were washed with various solvents and sonicated 

with CH2Cl2. 

Representative Procedure for Cross-Metathesis on Mixed 

Monolayers 

A Si(111) shard with an olefin-terminated monolayer, Grubbs’ first generation 

catalyst (0.054 g, 0.06 mmol), CH2Cl2 (3 mL), and 10-undecenoic acid (1 mL, 5.4 mmol) 

were added to a round bottom flask in a glove box.  The flask was fitted with a reflux 

condenser and removed from the glovebox and attached to a nitrogen line.  The reaction 

was refluxed under nitrogen for 48 h.  The wafer was taken out and washed with hexanes, 

acetone and methanol.  The yield of the cross-metathesis reaction was determined by 1H 

NMR.  These conditions always gave a yield of 100%.  1H NMR (300 MHz, CDCl3, 

ppm): δ 5.36 (2H, br), 2.34 (4H, t, J = 6 Hz), 1.98 (4H, m), 1.60 (4H, m), 1.29 (20H, br).  
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Patterning Brush Polymers using Soft Lithography 

Typically, an olefin-terminated monolayer on a Si(111) shard was treated with a 

solution of Grubbs’ first generation catalyst in methylene chloride for 30 min under 

ambient conditions.  Next, the wafer was washed with methylene chloride and dried with 

nitrogen.  A polydimethylsiloxane (PDMS) stamp patterned in bas-relief was then 

pressed onto the surface and a solution of  5-norbornene-2-carboxylic acid (0.01 g mL-1) 

in DMF was passed through the microchannels with a syringe pump for 1 h at the rate of 

200 µL h-1.  The channels were then flushed with DMF for 1 h.  The PDMS stamp was 

then removed, rotated at an angle and the process was repeated.  The wafer was washed 

with copious amounts of organic solvents and dried with nitrogen. 

Results and Discussion 

Assembly of Mixed Monolayers of 1-Octadecene and a 

Diolefin 

We developed a simple, one pot synthesis of A from commercially available 

starting materials (Figure 2).  This method was used to synthesize up to 56 grams of A 

that was readily cleaned by distillation.  The full synthesis of A is described in the 

experimental section. 

 

Figure A-3 One-step synthesis of A from  commercially available starting materials.   
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Characterization of Monolayers of 1-Octadecene and A 

Our method to assemble monolayers on Si(111) is shown in Figure 1.  Higashi et 

al. reported a simple method to form hydrogen-terminated Si(111) with minimal defects 

(<1%).281,282,420  Hydrogen-terminated Si(111) is air and water sensitive as it will readily 

oxidize to form a thin layer of silicon dioxide on the surface; however, well-ordered 

monolayers on Si(111) protect the surface from oxidation in air and solvents for days to 

months.226,227,265,414  We used Higashi’s method to form hydrogen-terminated Si(111) and 

then placed the wafer in mixtures of 1-octadecene, A, and TEMPO-C10. 

 We characterized hydrogen-terminated Si(111) by horizontal attenuated 

total reflection infrared (HATR-IR) spectroscopy (Figure 3).  The Si(111)-H bonds are 

perpendicular to the surface and only IR-active with p-polarized light and are not seen 

with s-polarized light.  Higashi et al. reported that the Si(111)-H peak appears at 2083.7 

cm-1 with a narrow FWHM of 0.95 cm-1.281  Our hydrogen-terminated Si(111) surfaces 

are well-ordered as we observed one peak with p-polarized light at 2084 cm-1 with a 

FWHM of 3.8 cm-1 and no peaks with s-polarized light.  Our results demonstrated that we 

formed a well-ordered hydrogen-terminated Si(111) surface.    

To fully characterize monolayers multiple methods must be used.  We 

characterized our monolayers by XPS and HATR-IR spectroscopy.  From our previous 

work on the assembly of monolayers of 1-octadecene with TEMPO , we learned several 

important characteristics of these monolayers that are important for the interpretation of 

the characterization of the monolayers reported in this paper.342,421  First, we know that 

this method results in the assembly of a monolayer with a thickness given by ellipsometry 

of approximately 1.8 nm.  Second, the monolayer is almost entirely composed of 1-

octadecene with less than 1 mole % of TEMPO on the surface.  Third, although TEMPO 

is necessary for the assembly of a well-ordered monolayer, we do not know the 

mechanism of assembly or the role of TEMPO.   
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Figure A-4 The HATR-IR spectra of a hydrogen-terminated Si(111) surface under p- and 
s-polarized light.  Di- and tri-hydrogen defects would appear at 2111, 2120, 
and 2139 cm-1 under both p- and s-polarized light.   

In Table 1 and Figure 4 we show the XPS spectra of monolayers assembled from 

A.  This surface was first characterized by a survey scan that showed the presence of Si, 

C, and O and high resolution scans of Si, C, O, and F.  The region for F was examined as 

hydrogen-terminated Si(111) was formed in 40% H4NF and we wished to look for the 

presence of Si-F or C-F bonds.  The silicon region was interesting for what it did not 

show; we did not observe evidence for SiOx.  The bulk Si peak appears approximately 4 

eV lower than the peak for SiOx, and these peaks are thus easily separated and analyzed.  

We looked for SiOx since unlike disordered monolayers well-ordered monolayers protect 

silicon from oxidation.  The XPS samples were allowed to sit exposed to atmospheric 

conditions for 2 to 4 weeks prior to their characterization by XPS.  If the monolayers 

were disordered the silicon surfaces would have oxidized during this time period.  The 

lack of SiOx in the XPS spectra indicates that well-ordered monolayers were assembled.  

The presence of a broad peak for O was consistent with our previous results for 

monolayers assembled from TEMPO-C10 and 1-octadecene.  As there are many sources 
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for oxygen including the ether oxygen in A, the three oxygens in TEMPO-C10, and SiOx 

we can not make further assignments to this peak.    

The C(1s) peak in the XPS spectra of monolayers assembled from 1-octadecene 

or A showed the presence of a Si-C bond and described the thickness of these 

monolayers.  In a recent publication detailing the XPS characterization of organic 

monolayers on Si(111), Allongue et al. described the presence of a Si-C peak at binding 

energies approximately 0.9 eV lower than the main C-C peak.438  They outlined how to 

use the integration of that peak relative to the integration of all carbon in the XPS to find 

a thickness for the monolayer.  We fit the carbon peaks from monolayers assembled from 

1-octadecene (Figure 5 b) or A (Figure 5a) using the values from Allongue et al. and 

found the presence of Si-C bonds.  The Si-C peak from monolayers assembled only from 

1-octadecene integrated to 4.1% of the total amount of carbon.  This value gave a 

thickness for the monolayer of 20 Å which matches the predicted value for the monolayer 

and agreed well with the previously measured ellipsometric thickness of 18 Å.342    

The C(1s) region in the XPS of monolayers assembled from A fit to three 

different peaks.  The largest peak was assigned to the majority of the carbons on the 

monolayer.  A smaller peak at a binding energy of 1.2 eV higher than the largest peak 

was assigned to the carbons next to the oxygen in A.  This peak was not present in 

monolayers assembled from 1-octadecene as that molecule lacks an ether bond.  Finally, 

a small peak at a binding energy 0.7 eV lower than the main carbon peak was assigned to 

carbon bonded to silicon.  This peak integrated to 2.7 % of the total amount of carbon.  

Using the method of Allongue et al., this integration yielded a monolayer thickness of 25 

Å.438  This value agrees with predicted thicknesses for these monolayers and provides 

further evidence that an ordered monolayer was assembled.  
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Figure A-5 The XPS of monolayers assembled from A.  (a) A survey scan of this 
monolayer described the presence of C, O, and Si.  High resolution scans of  
(b) F(1s);  (c) O(1s);  (d) C(1s); and (e) Si(2p) were obtained to find the 
compositions of these monolayers as described in Table 1.  

The HATR-IR spectrum of a monolayer of 1-octadecene shows two important 

peaks (Figure 6).  The peaks corresponding to the antisymmetric – va(CH2) – and 

symmetric – vs(CH2) – stretches for methylene appear at 2920 and 2851 cm-1.  These 

results are significant as the va(CH2) peak for crystalline monolayers ranges from 2918 to 

2920 cm-1 but for disordered monolayers it ranges from 2925 to 2928 cm-1.226,285,439  

Similarly, the vs(CH2) peak for crystalline monolayers appears at 2850 cm-1 but for 

disordered monolayers it appears at 2858 cm-1.226,285,439   The location of va(CH2) and 

vs(CH2) peaks within these ranges describes the crystallinity of monolayers.  Our results 

indicate that we assembled crystalline monolayers. 

 

 

 



 

 

112 

 

Table A-1  XPS and HATR-IR Spectroscopy of Monolayers on Si(111).   

 

 aXPS 

Composition (%) 

HATR-IR 

Entry bComposition C Si SiOx O  va(CH2) 

(cm-1) 

vs(CH2) 

(cm-1) 

1 CH2=CH(CH2)15CH3 60 33 0 7.0 2920 2851 

2 CH2=CH(CH2)9O(CH2)9CH=CH2 67 24 0 8.9 2925 2854 

3 50% CH2=CH(CH2)15CH3/ 

50% CH2=CH(CH2)9O(CH2)9CH=CH2 

60 26 0 13 2924 2852 

4 75% CH2=CH(CH2)15CH3/ 

25% CH2=CH(CH2)9O(CH2)9CH=CH2 

68 23 0 9 2924 2854 

5 83% CH2=CH(CH2)15CH3/ 

17% CH2=CH(CH2)9O(CH2)9CH=CH2 

67 26 0 7 2923 2854 

6 CH2=CH(CH2)9O(CH2)10CH3 c c c C 2925 2854 

                        aThese compositions are from high resolution scans.  We studied the C(1s), 
Si(2p), and O(1s) peaks.  The peak for SiOx appeared at 102 eV in the Si(2p) 
high resolution scan.   

                          bThis column refers to the composition of reagents used to assemble the 
monolayers.  All monolayers were assembled in the presence of 0.1 mole % 
TEMPO-C10.  For monolayers assembled from two components, we list the 
mole % of each olefin that was used.  cThe XPS compositions of this 
monolayer was not determined.   
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Figure A-6 XPS of the C(1s) region of a monolayer assembled from (a) A and (b) 1-
octadecene.  Each of these monolayers was assembled with 0.1 mole % 
TEMPO-C10.   We fit the peak in (a) to three peaks and the peak in (b) to two 
peaks.  The residuals to the fits are shown beneath each peak.    

To further investigate this discrepancy we assembled mixed monolayers of A and 

1-octadecene.  As we increased the ratio of 1-octadecene to A in solutions used for the 

assembly, the values for va(CH2) and vs(CH2) decreased and indicated that mixed 

monolayers were more ordered than those assembled only from A (Table 1, entries 2 

through 5).  We also did not observe a peak for the olefin at approximately 1641 cm-1.  

This peak is typically weak and difficult to observe, it also may have packed on the 

surface such that it was not IR active.440,441   
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Although we did not see this peak by HATR-IR spectroscopy it was present; in 

the following sections we will describe how these monolayers reacted by cross metathesis 

and ring opening metathesis polymerizations from the olefins on the surface.   

 

Figure A-7 HATR-IR spectrographs of monolayers assembled from 0.1 mole % TEMPO-
C10 and (a) 1-octadecene and (b) A.  We did not observe an olefin peak at in 
the spectrum of monolayers composed of A.   

The two major differences between A and 1-octadecene are the presence of an 

ether and second olefin in A.  From the literature of monolayers on gold we know several 

important characteristics about how molecules with these functional groups assemble into 

monolayers.442-444  Ether bonds promote disorder in monolayers as they favor gauche 

over trans conformations by approximately 0.1 to 0.2 kcal mol-1.445  Whitesides et al. 

studied monolayers on gold assembled from thiols containing ether bonds by IR 
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spectroscopy and observed several unresolved components near the va(CH2) and vs(CH2) 

peaks.443,445  This work indicated, but did not prove, that the monolayer was not a 

homogeneous distribution of methylenes.  Ether bonds are well known to affect the 

vibrational frequencies of methylenes and that this effect will increase as the tilt angle of 

the monolayer increases.  These effects place shoulders at slightly higher vibrational 

frequencies for the va(CH2) and vs(CH2) peaks of a crystalline hydrocarbon and, if the 

shoulders were not resolved from the va(CH2) and vs(CH2) peaks, would cause the 

va(CH2) and vs(CH2) peaks to appear to shift to higher frequencies.  This is important as 

we did not observe shoulders on the va(CH2) and vs(CH2) peaks in our spectra as 

expected.  Thus, our reported values for va(CH2) and vs(CH2) may not be the true values 

for these peaks.   

In contrast, the presence of a terminal olefin on monolayers of HS(CH2)9CH=CH2 

on gold do not cause these monolayers to appear disordered.437,441   From this we know 

that monolayers terminated with olefins can pack into an all trans, crystalline 

conformation.  Of course it is important to note that monolayers on gold assemble 

through thiols whereas monolayers on silicon assemble through olefins.  Thus, the 

interpretation of the HATR-IR of a diolefin such as A is more complicated as it may bond 

twice to silicon through both olefins and assemble into a disordered monolayer.   

We synthesized CH2=CH(CH2)9O(CH2)10CH3 (B) to study whether how the 

presence of an ether affects the va(CH2) and vs(CH2) peaks for monolayers on silicon.  

Monolayers assembled from B in 0.1 mole % TEMPO-C10 appeared disordered by 

HATR-IR spectroscopy (Table 1, entry 6).  This result was surprising and indicated that 

one internal ether bond or a second olefin may affect the order of a monolayer on silicon.  

We are not surprised that a second olefin may introduce some disorder as it may bond to 

the surface twice and increase the disorder, but we expected that monolayers assembled 

from B would appear ordered.  It is surprising that one ether bond would have such an 

impact on monolayers on Si(111) and this work suggests that the structure of monolayers 



 

 

116 

containing ether bonds or olefins deserves a full study that is beyond the scope of this 

paper.   

Because of the limitations of HATR-IR spectroscopy, we were unable to 

determine if monolayers assembled from A were ordered or disordered.  Our peaks were 

broad and we were unable to distinguish the presence of shoulders on the va(CH2) and 

vs(CH2) peaks although Whitesides et al. described their presence on monolayers on Au.  

XPS data are consistent with an ordered monolayer, but HATR-IR data are consistent 

with a disordered monolayer.   

Cross Metathesis on Olefin-Terminated SAMs 

We first explored a simple cross metathesis reaction between two molecules of 

undecylenic acid to learn which conditions are needed to push the reaction to completion 

(Figure 7).  These reactions were stopped after a period of time, the solvent was removed, 

and the yield was studied by 1H NMR spectroscopy.  Hydrogens on the starting olefin 

appeared at 5.0 and 5.8 ppm and those on the product appeared at 5.4 ppm; the yield was 

simple to determine based on this information.  We choose to use undecylenic acid for 

our test reaction as it has a high boiling point that limited its loss under vacuum (boiling 

point of 137 ºC at 2 mm of Hg) and a carboxylic acid.  Monolayers functionalized with 

carboxylic acids are important as they can be readily reacted to expose more complex 

molecules. 

 

 

Figure A-8 The reaction conditions of this cross metathesis reaction were optimized to 
yield a quantitative yield of product.   
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The reaction conditions that we tried are shown in Table 2.  Initial attempts in 

xylene, silicon oil, tetraethylene glycol, and polyethylene glycol were not successful due 

to poor catalyst solubility.  Heating these reactions to speed the reaction or placing them 

under vacuum to remove ethylene increased the yield but were ultimately unsuccessful.  

Refluxing methylene chloride was attempted as the catalyst was soluble in this solvent 

and refluxing helped remove ethylene from the reaction mixture to drive the reaction 

forward.  The yield of this reaction was >97% by 1H NMR and worked for all olefins that 

we attempted.   

Cross Metathesis Between Olefin-Terminated Monolayers 

and Fluorinated Olefins 

 Although we found reaction conditions that allow for low catalyst loadings and 

quantitative cross metathesis reactions, it is important to note that these conditions were 

for olefins in solution rather than those on monolayers.  Olefins exposed on a monolayer 

may undergo three different reactions when reacted with the Grubbs’ catalyst in the 

presence of an olefin in solution (Figure 9).  

 First, olefin-terminated monolayers may react with olefins in solution and yield 

functionalized surfaces (option #1 in Figure 9).  Second, olefins on the monolayer may 

undergo cross metathesis with each other (option #2 in Figure 9).  Third, olefins on the 

monolayer may be too sterically hindered from reacting with the Grubbs’ catalyst (option 

# 3 in Figure 9).  These three possible outcomes complicate our interpretation of olefin-

terminated monolayers that reacted with the Grubbs’ catalyst and an olefin in solution.   

To study the yield of cross metathesis on olefins exposed on a monolayer, we 

synthesized CH2=CH(CH2)9OCH2(CF2)6CF3 (Figure 9).  The fluorines on this molecule 

gave us a unique handle in the XPS that we could use to study cross metathesis on 

monolayers.  We first assembled monolayers on silicon from different ratios of A and 1-

octadecene.  Next, we reacted these monolayers with the Grubbs’ catalyst and 
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CH2=CH(CH2)9OCH2(CF2)6CF3 in refluxing methylene chloride.  Finally, these surfaces 

were studied by XPS for C, F, Si, and O.  The results are shown in Figure 9b.   

These experiments showed that the highest concentration of fluorine on the 

surface was observed for monolayers assembled from 50% A and 50% 1-octadecene.  

Interestingly, monolayers assembled only from A had a lower amount of fluorine on the 

surface.  This result suggests that either cross metathesis between olefins on the 

monolayer was significant or that the monolayers were too ordered to fully react with the 

Grubbs’ catalyst.  For surfaces with decreasing mole fractions of A used in their 

assembly, the amount of fluorine observed by XPS slowly decreased.  These experiments 

also clearly demonstrated that monolayers assembled from 

CH2=CH(CH2)9O(CH2)9CH=CH2 exposed olefins on the surface that were reactive 

with the Grubbs’ catalyst.  Monolayers assembled from 1-octadecene that did not display 

olefins were not reactive with the Grubbs’ catalyst.  These monolayers did not  and did 

not show any fluorine in the XPS after reaction with CH2=CH(CH2)9OCH2(CF2)6CF3 

We studied these surfaces by HATR-IR spectroscopy but could not distinguish 

between the three different outcomes shown in Figure 8.  Due to strong absorptions 

below 1500 cm-1, HATR-IR spectroscopy on Si(111) shards can not image peaks below 

this cutoff and the peaks in the C-H region were too broad to distinguish the different 

olefins that may be present on the surface.  Nevertheless, these results are important as 

we learned how to optimize the ratio of A to 1-octadecene in solution to functionalize 

surfaces.   

Composition of Mixed Monolayers 

We do not know how the ratio of A to 1-octadecene used in the assembly of 

monolayers relates to their final composition.  For instance, we do not know if a 1/1 

molar ratio of A to 1-octadecene in solution results in a 1/1 ratio of these molecules in the 

monolayer.  The studies that we discussed previously can not describe the composition on 
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the surface due to potential cross metathesis between olefins on the monolayers and 

incomplete cross metathesis between olefins in solution with those on the surface.  We 

needed a cleaner system to study the composition of monolayers assembled from two 

different molecules.   

Figure A-9 Three possible outcomes for the reaction of monolayers of A and 1-
octadecene with the Grubbs’ catalyst and an olefin in solution.  (a) Areas with 
well-ordered monolayers of A may be too sterically hindered to allow the 
Grubbs’ catalyst to react.  (b) Olefins on the monolayer may react with each 
other or (c) with an olefin in solution.   

To learn how the composition of solutions used in the assembly relates to the final 

composition of monolayers, we synthesized CH2=CH(CH2)9O(CH2)6Cl.  Monolayers 

assembled from this molecule will have the same thickness as a monolayer assembled 

from 1-octadecene and expose a chlorine on the top of the monolayer.  By measuring the 

ratio of chlorine to carbon by XPS for monolayers assembled from mixtures of 

CH2=CH(CH2)9O(CH2)6Cl and 1-octadecene we can learn the composition of these 

monolayers.  Our results in Figure 10 demonstrate that the ratio of 

CH2=CH(CH2)9O(CH2)6Cl to 1-octadecene in solution closely follows the ratio of these 

molecules in the monolayer.   
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Table A-2  Different Reaction Conditions to Optimize the Cross Metathesis of 11-

Undecylenic Acid as Shown in Figure 7.   

aAmount 

of olefin 

(mL) 

Solvent Vol of 

solvent 

(mL) 

bGrubbs’ 

catalyst 

(mole %) 

Temp 

(°C) 

 

Vac Time 

(h) 

cYield 

(%) 

1.36 Xylenes 4.5 0.32 25 No 22 16 

1.28 Xylenes 4.5 0.32 40 No 21 23 

1.0 Xylenes 3.0 1.0 40 No 41 47 

1.0 Xylenes 3.0 1.0 55 No 30 58 

1.0 Xylenes 3.0 1.0 70 No 50 91 

1.0  Xylenes 3.0 1.0 85 No 72 91 

4.3 None 0.0 0.32 40 No 20 59 

1.0 Tetraethylene 

glycol 

3.0 1.0 25 Yes 46 54 

1.0 Tetraethylene 

glycol 

3.0 1.0 40 Yes 19 69 

1.0 Poly(ethylene 

glycol) 600 

Mw 

3.0 1.0 60 Yes 113 72 

1.0 Silicon oil 3.0 1.0 40 Yes 48 73 

1.0 Methylene 

chloride 

3.0 1.0 Reflux No 48 100 

aEach of these reactions were carried out under an atmosphere of N2 or under 
vacuum (approximately 100 millitorr).   
bThe mole % of catalyst relative to undecylenic acid.  cThe yield refers to 
undecylenic acid that was cross metathesized to =(CH(CH2)8CO2H)2. 
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Cross Metathesis With Olefins Exposing Useful Functional 

Groups 

As the Grubbs’ catalyst is stable in the presence of many functional groups, 

monolayers displaying a variety of different functional groups can be synthesized.  To 

demonstrate this potential, we reacted monolayers assembled from 50% A and 50% 1-

octadecene with olefins terminated with alcohols, bromides, aldehydes, and carboxylic 

acids.  We studied these surfaces by XPS and HATR-IR spectroscopy (Table 3 and 

Figure 11).  These results indicated that each monolayer was functionalized with an 

olefin and exposed different functional groups on the surface.  

 

Figure A-10 Molefraction effects (a) Olefin-terminated monolayers were reacted with an 
olefin in solution with 15 fluorines to yield fluorinated surfaces.  These 
surfaces were studied by XPS to describe the relative amounts of fluorine on 
the monolayers.  (b)  The amount of fluorine on these surfaces as a function of 
the mole fraction of A used in the assembly of the monolayer.  The line is 
drawn as a guide to the reader and is not fitted from an equation.  
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Figure A-11 The ratio of the areas of the Cl(2p) and C(1s) peaks from the XPS of 
monolayers assembled from CH2=CH(CH2)9O(CH2)6Cl and 1-octadecene.  
The x-axis shows the mole % of CH2=CH(CH2)9O(CH2)6Cl used in the 
assembly of the monolayers.  

Table A-3  Cross Metathesis Between Olefin-Terminated Monolayers and Functional 
Olefins in Solution.  

Patterning Monolayers on the Micrometer Size-Scale Using 

Soft Lithography 

In this section we will report methods to pattern these monolayers on the 

micrometer-size scale by soft lithography.  Specifically, we patterned PDMS on the 

 XPS Composition (%) HATR-IR Spectroscopy 

Entry Olefin C Si SiOx F O va(CH2) 

(cm-1) 

vs(CH2) 

(cm-1) 

ν(C=O) 

(cm-1) 

1 CH2=CH(CH2)8CO2H 58 22 0 0 20 2924 2854 1739, 

1700 

2 CH2=CH(CH2)9OH 67 23 0 0 10 2925 2855 a1739 

3 CH2=CH(CH2)8CHO 68 19 0 0 12 2925 2854 1730 

aAfter cross metathesis with the monolayer, the alcohol was reacted with acetyl chloride.  
We report the carbonyl peaks of the ester. 
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micrometer-size scale such that a series of microchannels were formed when a PDMS 

stamp was placed against a silicon wafer.  These microchannels were easily accessible by 

an external syringe pump to add reagents only to the microchannels.  Monolayers in 

contact with PDMS were protected from reaction.  We choose soft lithography as these 

techniques have become well accepted in the scientific community, they are used to 

pattern monolayers on gold, and their applications to form microfluidic channels are 

becoming increasingly important.296,298-301,408,410,446,447  Generating patterns by soft 

lithography is rapid as PDMS stamps are readily manufactured in under 24 h.448   

Figure A-12 HATR-IR spectrographs of the carbonyl regions for monolayers reacted 
with (a) CH2=CH(CH2)8CO2H, (b) CH2=CH(CH2)8CHO, and (c) 
CH2=CH(CH2)9OH.  The alcohols on monolayers that were reacted with 
CH2=CH(CH2)9OH were further functionalized with ClCOCH3 to yield ester-
terminated monolayers which were characterized by HATR-IR spectroscopy.  
These spectrographs show the presence of carbonyl peaks.  (d) A high 
resolution XPS of the Br(3d) region for an olefin-terminated monolayer after 
reaction with CH2=CH(CH2)9Br.  This XPS shows the presence of Br on the 
surface.   
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Figure A-13 Patterning on olefin terminated surfaces  (a) The method for patterning 
olefin-terminated monolayers on Si(111) with the Grubbs’ catalyst.  First, we 
assembled a mixed monolayer of A and 1-octadecene.  Next, we immersed the 
silicon wafer in a solution of the Grubbs’ first generation catalyst for 15 min.  
The Grubbs’ catalyst attached to the monolayer by cross metathesis with an 
olefin on the surface.  A PDMS stamp was then placed on the monolayer to 
form microfluidic channels on the surface.  Next, a solution of an olefin filled 
the channels by an external syringe (not shown).  Monolayers in contact with 
PDMS were not exposed to the olefins and did not react.  After 15 to 30 min 
the channels were rinsed, the PDMS stamp was removed and turned 90º 
before being placed on the monolayer again.  A new solution of an olefin 
added to the channels.  Finally, the channels were rinsed, the PDMS stamp 
was removed, and the silicon wafer was rinsed.  (b) A SEM micrograph of 
crossed brush polymers synthesized as in part a).  (c) and (d) SEM 
micrographs of monolayers reacted by cross metathesis with 
CH2=CH(CH2)8CO2H to expose acids along the surface.  In these experiments 
CH2=CH(CH2)8CO2H was added to the microchannels rather than 5-
norbornene-2-carboxylic acid.  The image in d) is a close-up of the image in 
c).  

Our general method is outlined in Figure 12.  To demonstrate this method we 

patterned monolayers through cross metathesis and ring opening polymerizations 

(ROMP).  In a one example we choose to grow polymer brushes from the surfaces using 

ROMP as the Grubbs’ catalyst polymerizes strained monomers under living conditions.  
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We choose to synthesize polymer brushes of 5-norbornene-2-carboxylic acid as it 

polymerizes rapidly and exposes carboxylic acids on the surface (Figure 12b).  These 

polymer brushes were covalently attached to the surface and could not be washed from 

the surface.  In a second example we patterned monolayers by cross metathesis using 

solutions of CH2=CH(CH2)8CO2H (Figures 12 c and d).  These methods demonstrate that 

we can pattern monolayers using either cross metathesis or ROMP.      

Conclusions 

The main accomplishments of this work are the assembly and characterization of 

monolayers of A, the cross metathesis of olefin-terminated monolayers on Si(111), and 

the patterning of these monolayers using ROMP and cross metathesis.  We patterned 

surfaces that exposed alkyl bromides, aldehydes, carboxylic acids, and alcohols and 

demonstrated how these surfaces may be patterned.  These functional groups are 

important as we and others reported methods to further functionalize them to expose 

DNA, proteins, and other important molecules.  Thus, the method we report in this paper 

is applicable to the complex functionalization of monolayers on silicon.   

This work may have applications in a variety of areas that employ monolayers on 

silicon.  Efforts to selectively functionalize its surface by organic chemistry are critical 

for applications in biotechnology and nanotechnology, such as biosensors and 

nanoelectronic chips that exploit the unique electronic properties of silicon. Our simple 

synthetic route to A facilitates use of the patterning methodology reported here also by 

researchers that are not skilled in organic synthesis.  In addition, the ability to 

patternthese monolayers on silicon with a wide variety of end groups using soft 

lithography, i.e. microfluidic patterning, microcontact printing, further expands their 

applicability to cases where localized tailoring of physical and chemical surfaces 

properties is desired.   
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APPENDIX B SUPPORTING INFORMATION FOR THE ASSEMBLY 

OF ORGANIC MONOLAYERS ON POLYDICYCLOPENTADIENE 

Estimation of Surface Coverage of Amine on PDCPD-

Amine. 

The surface coverage was estimated with the results from the XPS of the PDCPD-

amine surface. Specifically, we reacted PDCPD-Br with 4-(trifluoromethyl)benzylamine 

for 24 h and obtained the XPS results reported in the paper. In the text of the paper, we 

discussed how the amine only reacted with surface alkyl bromides, so in this section we 

assumed that the amine does not significantly diffuse into the material and all the 

reactions occur at the surface.  

It was first necessary to determine the attenuation length (Al) of electrons for C 

and F.  Although this can be accomplished using a number of formulas, the Griess 

formula was used because its parameters could be readily determined.  The Griess 

formula for inelastic mean free path (IMPF: Λ) is given below.  It was assumed for our 

further calculations that the IMFP can be used to approximate the attenuation length, 

although the AL would be slightly longer than the IMPF. Determining a value for the 

attenuation length involves more approximations that may underestimate the surface 

coverage. 

2
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Equation B-2 Greiss Formula for the inelastic mean free path 

All values were calculated using NIST standard reference database 71. Here, Va 

was the atomic volume which was defined as the molar mass divided by density and z* 
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was defined as z1/2 where z was the atomic number of the element of interest. Both k1 and 

k2 were fitting parameters found in the NIST database, and the values used were 0.0018 

and 1.0 respectively. E was the kinetic energy of the photoelectron for C 1s (1202 eV). A 

density of 1.30 g.cm-3 was used based on an estimated from a survey of literature 

brominated compounds.  The IMFP for C 1s was calculated to be 4.675 nm. 

To find the density of the CF3 groups on the surface, we used the IMPF to learn 

the depth of the carbon signals.  The issue is that the intensity of the C peak will decrease 

as the distance from the surface increases. Because the intensity of the peak follows an 

exponential (shown below), we integrated it over the entire thickness. This argument 

leads to the conclusion that we can model the system as each C within the top 4.675 nm 

of the surface as having no attenuation due to being subsurface, but that all carbons 

buried farther than 4.675 nm from the surface will not contribute to the intensity of the 

peak.  We found this model straightforward to use.  

nmeAldxe Al

x
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x
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0

0
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∞
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∫  

Equation B-3 Density funtion 

The ratio of carbon (75.5 %) to fluorine (2.5 %) was found from the XPS of the 

PDCPD-amine surface at 88 h. The ratio was 0.0331 or 1 CF3 per 90.6 carbons.  

 

hxV 2=  

Equation B-4 Area of Circle 
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We modelled our polymer surface as a box with one CF3 group at the top and 

none buried within the interior based on arguments described in the paper. The height (h) 

of the box was equal to 4.675 nm. The volume (V) was the total volume for 90.6 carbon 

atoms in our polymer. The length of each segment of the square cross-section was 

labelled as x in the equation shown above. The volume was calculated using the atomic 

mass of polymer unit C10H12Br2 (294.04 g mol-1) and the estimated density for the 

brominated polymer (1.30 g cm-3).  We found a total volume of 3.403 nm3 for 90.6 

carbon atoms in our polymer. This value resulted in a value of 1.37 molecules of CF3 per 

nm2.    

Depth Pentration of GATR-IR Spectroscopy.  

GATR-IR spectroscopy can be used to find the functional groups in the surface 

layer of a material. The thickness that is measured by GATR-IR spectroscopy is a 

function of the wavelength, λ, and several other parameters as shown below.  
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Equation B-5  

Here, λ1 is the wavelength of light, θ is the incident angle of 65 degrees, and n21 is 

the refractive index of the sample relative to the Ge ATR crystal. The refractive index for 

Ge is 4.02 and we used the refractive index of polycarbonate (1.55) as approximation of 

PDCPD. It is important to note that the range of refractive index for typical polymers are 
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from 1.42-1.55 so our approximation is a close estimate. From these values, the depth of 

penetration is found to be 243 nm at 2000 cm-1 and 162 nm. 
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