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Chapter 3
Controlling the Formation of 
Self-Assembled Monolayers of 
Conjugated Thiols on Gold

In  this  chapter  we  report  a  systematic  study  on  the  formation  of  self-assembled  
monolayers (SAMs) of conjugated molecules for molecular electronic (ME) devices. We  
monitored the deprotection reaction of acetyl  protected dithiols of oligo(phenylene  
ethynylenes) (OPEs) in solution using two different bases and studied the quality of the  
resulting SAMs on gold. We found that the optimal conditions to reproducibly form  
dense,  high-quality  monolayers  are  9-15%  triethylamine  (Et3N)  in  THF.  The 
deprotection base tetrabutylammonium hydroxide (Bu4NOH) leads to less dense SAMs  
and incorporation of Bu4N+ ions into the monolayer. Furthermore, our results show the  
importance of the equilibrium concentrations of (di)thiolate in solution on the quality  
of the SAM. To demonstrate the relevance of these results for molecular electronics  
applications, large-area molecular junctions were fabricated using no base, Et3N, and 
Bu4NOH. The magnitude of the current densities in these devices is highly dependent  
on the base. The current density of SAMs of OPEs of increasing length formed using  
Et3N was found to decay exponentially with β = 0.15 Å-1. 
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Chapter 3

3.1 Introduction
In Chapter  1  we have introduced  our Matrix  Approach  for  which we need to 

contact our conjugated molecular wires to different types of  electrodes, to measure 

and compare the conductances within the different series. We have chosen to use 

the self-assembly of  thiols on gold as the main tool to establish these contacts to 

our molecules. However, we have synthesized our molecules with acetyl-protected 

thiols.  Our  first  attempts  to  grow  monolayers  either  directly  from  this 

dithioacetates  or  after  deprotecting  with  aqueous  ammonia1 resulted  in  low 

coverages or multilayers, which obfuscated electronic measurements in Large Area 

Molecular Junctions (LAMJs, see Section 1.4.5).2 For this reason, we investigated 

in situ deprotection of  our dithioacetates by different bases and its influence on the 

quality and density of  self-assembled monolayers (SAMs) of  our oligo(phenylene 

ethynylenes)  (OPEs)  in  detail  and  found  striking  differences,  that  we  have 

summarized in Figure 3.1. In Section 3.6 we will demonstrate the high-quality of  

our SAMs in LAMJs and describe the length dependence of  the charge transport 

through OPEs.

3.1.1 Why Studying the Formation of Self-Assembled Monolayers?

Conjugated  molecules  and,  in  particular  OPEs  and  phenylenes,  are  a  critical  

component of  ME devices3,4 because they enable the control of  the tunneling of  

electrons by synthetic chemistry. In these  devices the SAM is used to define the 

smallest dimension of  the device (i.e., the tunnel-junction between the electrodes), 
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Figure 3.1 A schematic of the self-assembled monolayers on gold that are formed from solutions of 
OPE and terphenyl dithioesters in THF: without base a SAM of about 70% of the maximum density is 
formed, with 9-15 % (v/v) Et3N densely-packed SAMs are formed, and with 4 equivalents of Bu4NOH 
the molecules lay flat on the surface and Bu4N+ is incorporated in the SAM.
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while the lateral dimension can be relatively large (up to hundreds of  microns).  

Therefore  the  reliable,  reproducible  formation  of  densely-packed,5 high-quality6 

SAMs over large areas is absolutely required. This is in contrast to the formation of  

junctions of  single molecules—e.g., mechanically-controllable break junctions and 

STM break junctions—where lower  coverages  are  often preferred  over  densely-

packed SAMs. These issues are less evident for SAMs of  alkanethiolates because 

of  the well-known insensitivity of  the quality of  these SAMs to the conditions of  

formation.7 However,  unlike  simple  alkanes,  conjugated  molecules  are  not 

sufficiently air-stable as free thiols to form SAMs and therefore must be protected, 

typically as  acetyl thioesters, because they are stable and easy to prepare. Thus, 

SAMs are routinely formed by cleaving the acetyl thioesters with a base, generating 

the free thiolate  in situ.  The exact procedure  —base, concentrations of  thioester 

and base, immersion times, etc.— of  this deprotection, however, varies somewhat 

arbitrarily  between laboratories and studies.  This lack of  reproducible protocols 

and adequate characterization hinders the meaningful interpretation of  electronic 

measurements on devices containing these conjugated SAMs.

The first study on the formation of  SAMs from conjugated thiols, acetyl thioesters, 

and deprotected thioacetates was reported by Tour et al.1 They demonstrated that 

the ellipsometric thicknesses of  SAMs of  conjugated monothiols grown from THF 

reach  the expected value  within  24  h,  while  dithiols  form multilayers.1,8 If  the 

dithiols are first  protected as acetyl thioesters,  the resulting SAMs do not form 

multilayers, but are thinner than expected1 (in agreement with other studies9 and 

with our results,  although Lau  et  al. disagree10).  When the acetyl  thioesters are 

removed in situ with NH4OH, Tour et al. also observe the formation of  multilayers.1 

Despite this observation, over the past 15 years this paper has been frequently and 

incorrectly cited as evidence of  the formation of  high-quality SAMs of  conjugated 

dithiols formed from the  in  situ deprotection of  acetyl  thioesters with NH4OH. 

Some  studies  report  reasonable  thicknesses  using  NH4OH,11
1213

-
14

15 others  report 

thicknesses that are higher than the calculated value,9,16,17 and impurities attributed 

to the NH4OH are reported.18 The problem with NH4OH is that it is only effective 

in  polar,  protic  solvents  (usually  ethanol,  which  is  also  commonly  used  with 

alkanethiols).  Conjugated,  rigid-rod  molecules  such  as  OPEs  and  phenylenes, 

however, are not compatible with protic solvents, thus SAMs of  these molecules 

are  typically  formed  from aprotic  solvents  (usually  THF).  This  incompatibility 

makes  it  impossible  to  control  the  concentration  of  NH4OH  (which  is  30% 

aqueous NH3) because it is lost as NH3, particularly while sparging with an inert 
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gas. Despite this fact, NH4OH is commonly used in aprotic solvents, which can 

lead  to  irreproducible,  low-quality,  loosely-packed  SAMs.  Using  NaOH  as 

deprotecting agent causes similar problems19 and damages the metal substrate.20 

Tour et al. used Et3N to favor the thiolate form of  thiophenethiol over the dimeric 

form,1, 21 but not to deprotect thioesters. Other studies use Et3N to form thiols from 

non-thioester  precursors.22,23 Shaporenko  et  al. compared  SAMs  formed  from 

biphenyldiacetylthiolate  using  "appropriate  amounts"  of  Et3N  to  those  using 

NH4OH  and  found  that  the  former  produced  SAMs  that  were  more  densely-

packed.16 There  are  other  studies  on  the  deprotection  of  conjugated  OPE 

monothioacetates,24
25

-26 however they focus on other aspects (e.g., reactions between 

the  deprotecting  agent  and  other  functional  groups)  and  do  not  observe  the 

difficulties  that  are  inherent  to  dithiols. We chose to study  Bu4NOH as a non-

volatile analog of  NH4OH because it is commonly used to deprotect conjugated 

dithioacetates  in  situ for  ME measurements  in  mechanically-controllable  break-

junctions27 and STM break-junctions.28 We chose Et3N because of  the promising 

results of  Shaporenko et al., and the need for high-quality, densely-packed SAMs 

of  conjugated molecules for ME devices using, for example, µ-contact printing,29
30

-31 

conjugated polymers,2,32 Hg,33,34 eutectic GaIn,35 and CP-AFM36
37

-38 to contact the 

SAM (see Chapter 1.4).39,40

3.2 Synthesis of Oligo(phenylene ethynylene)s
We synthesized the OPEs according to the strategy that was described in Chapter 

2. The core of  the OPE is made by Sonogashira cross-coupling reactions. As in the 

previous chapter, we choose to use tert-butyl protected thiols in the cross-couplings, 

that are in the last step converted into acetyl protected thiol upon treatment with 

boron tribromide and acetyl chloride.

We use the number of  phenyl rings as a suffix to name the OPE molecules of  

different  length,  thus  OPE3  is  a  para  oligo(phenylene  ethynylene)  with  three 

phenyl rings (and two acetylenes to connect the three phenyl rings). We use the 

prefix "StBu" for tert-butyl protected thiols and the prefix "SAc" for acetyl protected 

thiols. Prefixes "diStBu" and "diSAc" are used for bis  tert-butyl protected and bis 

acetyl protected dithiols respectively. Thiolates are abbreviated as "S" (i.e., we omit 

the minus sign of  S–).
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3.2.1 Oligo(phenylene ethynylene) dithioacetates 

Stuhr-Hansen et al. have described the synthesis of  diSAc-OPE341 according to this 

strategy.42 We have conveniently followed their  protocols,  on a larger scale  and 

obtained  diStBu-OPE3  and  diSAc-OPE3  both  in  74% yield  (Scheme  3.1).  We 

synthesized  diStBu-OPE2  by  coupling  bromide  2.11 with  acetylene  2.13 (see 

Chapter 2)  in 60% yield and converted this into diAc-OPE2 43 in 91%. DiStBu-

OPE4  was  synthesized  by  a  cross-coupling  of  bis-bromide  3.1,  that  was 

synthesized in one step as described in the literature,44 and acetylene 2.13 in 50%. 

DiStBu-OPE4 was then converted into diSAc-OPE4 upon 4 days reaction with 

boron tribromide and acetyl chloride in 43% yield. This long reaction time was 

required  due  to  the  low solubility  of  both  diStBu-  and  diSAc-OPE4.  The  low 

solubility of  diSAc-OPE4 hindered purification by column chromatography, but 

allowed recrystallization.

3.2.2 Asymmetric Oligo(phenylene ethynylene) thioacetates

We have synthesized SAc-OPE2 and SAc-OPE3, but not SAc-OPE4 because the 

expected solubility  of  SAc-OPE4 is  lower  than  that  of  diSAc-OPE4 and most 

likely too low for the formation of  a self-assembled monolayer.45 The Sonogashira 

cross-coupling of  bromide 2.11 with phenyl acetylene yielded StBu-OPE2 in 74%, 

which was conveniently converted into SAc-OPE2 in 84% yield. For the synthesis 

of  asymmetric StBu-OPE3 we used the difference in reactivity between a bromide 

and iodide in Sonogashira cross-couplings: the iodide of  1-bromo-4-iodobenzene 
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Scheme 3.1 Syntheses of diSAc-OPE2-4: (i) Pd(PPh3)2Cl2, CuI, iPr2NH, THF, reflux; (ii) Pd(PPh3)2Cl2, 
CuI, Et3N, THF, toluene; (iii) BBr3, AcCl, CHCl3, toluene.



Chapter 3

reacts at room temperature, whereas the bromide requires elevated temperatures. 

We first coupled 1-bromo-4-iodobenzene with acetylene 2.13 to obtain 3.2 in 50% 

yield. A subsequent cross-coupling with phenyl acetylene yielded StBu-OPE3 in 

80%. The reaction with boron tribromide and acetyl chloride then yielded SAc-

OPE3 in 88%.

3.3 Deprotection of Acetyl Protected Thiols and 
the Formation of SAMs on Gold
The formation of  SAMs of  alkanethiols has been described in detail. 46 However, 

less is known on the formation of  SAMs from conjugated thiols, 47 and to the best 

of  our  knowledge,  no  description  is  given  for  the  formation  of  SAMs  from 

deprotected thioacetates. For that reason, we will first introduce the concepts that  

are involved in this process in Section  2.3.1 and  Figure 3.2 and then present the 

data that support this hypothesis in the following sections.
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Scheme 3.2 Syntheses of SAc-OPE2 and SAc-OPE3: (i) Pd(PPh3)2Cl2, CuI, iPr2NH, THF, reflux; (ii) 
Pd(PPh3)2Cl2, CuI, Et3N, THF; (iii) phenyl acetylene, Pd(PPh3)2Cl2, CuI, iPr2NH, THF, reflux; (iv) BBr3, 
AcCl, CHCl3, toluene. 
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3.3.1 Formation of SAMs from Conjugated Dithioesters.

The deprotection of  thioacetates by a base yields thiolate anions, which can bind 

to gold very easily to form a self-assembled monolayer (SAM). The formation of  a 
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Figure 3.2 A schematic of the kinetics of the formation of SAMs on gold from solutions of a. diSAc 
only: incomplete coverage due to weak association with the surface and slow incorporation into the 
monolayer. b. diS only: strong association with the gold surface hinders self-assembly; polymeric 
disulfides form readily and precipitate. c. diSAc plus SAcS: self-assembly occurs similarly to diSAc-
only except SAcS incorporates readily, resulting in a densely-packed monolayer.
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SAM in general occurs in three basic steps: i) association between molecules and 

substrate where the molecules lie down on the surface, ii) reorganization of  these 

molecules into islands of  loosely-packed standing molecules (observed as striped 

phases for alkanethiolates), and iii) growth of  these islands into a densely-packed 

monolayer.46 The  transition  from  lying-down  to  standing  up  is  driven  by  the 

strength of  the Au-thiolate bond and can only occur if  the association with surface 

is weak enough to be reversible on the timescale of  the experiment (dotted lines in  

Figure 3.2a). Likewise, the growth of  the domains of  standing molecules can only 

occur  if  each  step  is  reversible  and  the  densely-packed  monolayer  is  the  most 

thermodynamically stable situation. Thiolates associate much more strongly than 

thiols or thioesters, but Au cleaves thioesters (and thiols) to form Au-thiolates. The 

resulting  Au-bound  thiolates  dissociate  as  Au  complexes,  thus  they  do  not 

participate in deprotection reactions or the formation of  SAMs.

SAMs of  diS-OPE (Figure 3.2b) are arrested at step i: interactions between the Au 

surface and the π-electrons in combination with two highly reactive thiolates drives 

the equilibrium between the standing-up phase and lying-down too far toward the 

lying-down phase for a SAM to form. By contrast, in a solution comprising mainly 

diSAc-OPE3 and/or SAc-OPE3-S, the equilibrium is pushed towards the standing-

up phase by the poor interaction of  the SAc groups with the Au surface, combined 

with the  favorable  packing of  the molecules  in  the  SAM. Though diSAc-OPE 

tends to form standing-up SAMs (Figure 3.2a), the thioacetates are too bulky to fill 

the last vacancies in the SAM. This can be solved by the presence of  SAc-OPE-S in 

the solution (Figure 3.2c), even in small quantities.

In Figure 3.2 we have not drawn the situation for a SAM to grow from only SAc-

OPE-S, which would be the ideal species, with one strong binding and fast reacting 

thiolate and one weak binding, protected thiol.48 We have not included this, since it 

is impossible to have a solution of  pure SAc-OPE-S, due to thioester metathesis 

(see Scheme 3.3): a mixture of  thioesters, in the presence of  a thiolate (i.e., R-S, not 

R-SH),  will  metathesize  to  form  equilibrium  mixtures  that  reflect  the  initial 
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Scheme 3.3 Mechanism for the thioester metathesis.
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concentration of  thiolate and the relative stabilities of  the various thiolates and 

thioesters.49,50 For  example,  introducing  R2-S  to  a  solution  of  R1-SAc  forms  a 

mixture of  R1-SAc, R1-S, R2-SAc, and R2-S. Since this equilibration occurs on a µs 

timescale in solution and the formation of  a SAM occurs at the interface between 

the solution and the substrate on a minute timescale, the solution from which the 

SAM forms  is  highly  dependent  on  how much  thiolate  is  generated  from the 

deprotecting agent. (The removal of  thiolate by the growing SAM has a negligible 

impact  at  the  concentrations  typically  used.)  This  means  that,  in  the  case  of  

deprotecting a dithioacetate, there will be a competition between the diSAc-OPE, 

SAc-OPE-S, and diS-OPE.

3.3.2 Deprotection by Tetrabutylammonium Hydroxide

We  followed  the  deprotection  reaction  of  acetyl-protected  thiols  with 

tetrabutylammonium hydroxide  (Bu4NOH)  by  recording  UV-Vis  spectra  of  0.3 

mM  diSAc-OPE3 in THF during the addition of  six equivalents (relative to the 
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Figure 3.3 UV-Vis absorption spectra of 0.3 mM solutions of diSAc-OPE3, SAc-OPE3, diSAc-OPE2, 
and SAc-OPE2 in THF, with 0 (black), 1 (blue), 2 (green), 3 (orange), 4 (red), and 6 (dark red) eq. of 
Bu4NOH, showing the conversion of thioacetate into free thiolate. 
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number of  diSAc-molecules;  i.e.,  three eq. per SAc) of  Bu4NOH. The solutions 

changed from colorless  to  bright  orange to  yellow as  the free  thiolates  formed 

(Figure 3.3, top left). During the addition of  the first two eq. of  Bu4NOH, a new 

absorption peak appeared at  460 nm which we ascribe to delocalized thiolates. 

This  peak  increased  in  intensity  and  gradually  shifted  to  458  nm  during  the 

addition of  eq. three and four and remained constant through eq. five and six, 

indicating  that  two eq.  of  Bu4NOH react  with  each  SAc in  diSAc-OPE3.  We 

repeated  this  experiment  with  SAc-OPE3,  SAc-OPE2,  and  diSAc-OPE2  and 

observed the same result: two eq. of  Bu4NOH remove one Ac.

The  first  eq.  hydrolyzes  the  Ac  through  simple  addition/elimination  and  the 

second deprotonates the acetic acid that is formed in the first step (Scheme 3.4). 

The linear dependence of  the increase in intensity at 458 nm and commensurate 

decrease at 331 nm on the amount of  Bu4NOH, and the semi-isosbestic point at 

363 nm suggest that there are no intermediate chromophores between the diSAc-

OPE3 and diS-OPE3 compounds. There must, however, be a mono-deprotected 

intermediate (SAc-OPE3-S). This is more clear from the UV-Vis spectra of  diSAc-

OPE2 with up to six eq. Bu4NOH. The spectrum measured after addition of  two 

eq. is clearly not a combination of  the spectrum of  diSAc-OPE2 (zero eq.) and that  

of  diS-OPE2 (four eq.), indicating the presence of  intermediate SAc-OPE2-S.51

To probe for the SAc-OPE3-S intermediate we prepared four solutions of  0.3 mM 

diSAc-OPE3  in  THF-d8  with  zero  eq.,  half  an  eq.,  two  eq.,  and  four  eq.  of  

Bu4NOH and examined them using 1H NMR spectroscopy. The spectrum of  the 

solution containing four eq. of  Bu4NOH consisted of  three peaks (Figure 3.4c) that 

are shifted up-field relative to diSAc-OPE3 (Figure 3.4a) which we ascribe to diS-

OPE3 (see  also  Figure  3.6)  Assuming that  the  solution  containing  two eq.  of  

Bu4NOH (Figure 3.4b) comprised a mixture of  diSAc-OPE3, SAc-OPE3-S, and 

diS-OPE3,  we  subtracted  these  two  spectra  (a  and  c)  from  (b)  to  isolate  the 

spectrum of  SAc-OPE3-S (Figure 3.4d). We integrated the peaks in the aromatic 

region  (6.7-7.7  ppm)  to  determine  that  the  solution  with  two  eq.  Bu4NOH 
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Scheme 3.4 Mechanism for the reaction of a thioacetate with 2 equivalents of hydroxide.
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comprised 22% diSAc-OPE3, 56% SAc-OPE3-S, and 22% diS-OPE3—a ratio of  

1:2:1.  We  repeated  this  analysis  and  determined  that  ratio  of  the  solution 

containing half  an eq. of  Bu4NOH was 3:1:0.52 This means that the three species 

coexist as a statistical mixture in solution (due to the metathesis of  the thioesters), 

in a ratio determined by the amount of  Bu4NOH and with no preference for the 

formation of  a particular species.  These observations are in agreement with the 

UV-Vis  data,  which  show  a  single  absorption  growing  in  intensity  with  the 

addition of  Bu4NOH, meaning that the absorptions of  the thiolates of  SAc-OPE3-

S and diS-OPE3 are nearly identical.51
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Figure 3.4 1H NMR spectra from 7.7-6.7 ppm, of 0.3 mM diSAc-OPE3 in THF-d8 (a), with addition 
of 2 eq. Bu4NOH (b), with addition of 4 eq. Bu4NOH (c), and the spectrum of b with a and c 
subtracted (d), which shows that in addition to diSAc-OPE3 and diS-OPE3, the asymmetric SAc-
OPE3-S persists in the solution with 2 eq. Bu4NOH.
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We examined the influence of  the concentration of  Bu4NOH on the formation of  

SAMs of  OPEs by immersing Au substrates in 0.3 mM solutions of  diSAc-OPE3 

and either zero, one, two, or four eq. of  Bu4NOH and measuring the thicknesses 

of  the resulting SAMs using ellipsometry (Figure 3.5a). These values are based on 

the  assumptions  that  the  index  of  refraction  of  a  monolayer  of  conjugated 

molecules is 1.55,1,11 and that the absorption of  the SAMs can be neglected; they 

are accurate to ±2 Å. Lower values indicate a SAM that is less densely-packed,5 

but we cannot determine the cause (i.e.,  the structure of  the SAM) using only 

ellipsometry.9

Within two hours, the thicknesses measured for the SAMs formed using one or 

two  eq.  of  Bu4NOH  matched  the  predicted  value  (24.9  Å),53 indicating  the 

presence of  a densely-packed monolayer comprising S-OPE3-SAc and S-OPE3-S. 

The thicknesses measured for SAMs that were immersed for longer than two hours  

were  irreproducible  and  usually  larger  than  the  predicted  value,  which  may 

indicate  the  formation  of  multilayers  as  Tour  et  al.  reported  for  NH4OH.1 

Regardless of  the cause, this observation means that SAMs formed from solutions 

with Bu4NOH lack the reproducibility required for ME devices.
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Figure 3.5 a. Ellipsometric thicknesses (Å) of the SAMs formed from 0.3 mM diSAc-OPE3 as 
function of the immersion time, with 0 eq. (black circles), 1 eq. (blue squares), 2 eq. (green diamonds), 
and 4 eq. of Bu4NOH (red triangles). SAMs with 1 and 2 eq. give reasonable thicknesses in about one 
hour. b. Ellipsometric thicknesses of the SAMs formed from 0.3 mM diSAc-OPE2, 0.3 mM diSAc-
OPE3, and 0.1 mM diSAc-OPE4 with 0 eq. (after 45h, black circles), 1 eq. (after 70 min, blue squares), 
and 4 eq. of Bu4NOH (after 80 min, red triangles). Only the monolayers formed using 1 eq. Bu4NOH 
show an increase in thickness with the length of the molecule.
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In the absence of  Bu4NOH (zero eq.) we measured thicknesses of  14 Å after 100 

min and 15 Å after 24 h, which is about 70% of  the predicted value. This result  

indicates  that,  as  expected,  diSAc-OPE3  can  form  monolayers  without  in  situ 

deprotection, but  that  these SAMs are not  densely-packed (Figure 3.2a).  Using 

four eq. of  Bu4NOH, we measured a thicknesses of  only 10 Å, meaning that diS-

OPE3  forms  worse  monolayers  than  diSAc-OPE3.  Upon  immersing  the  Au 

substrates in the solutions with four eq. of  Bu4NOH, an orange precipitate formed 

that we ascribe to the formation of  insoluble disulfide precipitates. We observed 

this  precipitate  in  the  NMR  tube  after  exposure  to  oxygen  (Figure  3.6).  It  is 

unlikely,  however,  that  micron-scale  precipitates  influence  the  formation  of  the 

SAMs which happens on molecular length scale. 

We found that the thicknesses of  SAMs grown from diSAc-OPE2, diSAc-OPE3, 

and diSAc-OPE4 solutions with four eq. Bu4NOH were independent of  the length 

of  the molecule (~6 Å, see Figure 3.5b), whereas those from solutions with one eq. 

Bu4NOH exhibited the expected length-dependence: 15, 20, and 51 Å respectively.  

We ascribe the value of  51 Å for diSAc-OPE4 to multilayers.
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Figure 3.6 a. 1H NMR spectra from 7.95-6.65 ppm, of 0.3 mM diSAc-OPE3 in THF-d8 (light gray), 
with addition of 6 eq. Bu4NOH (gray), and the same solution 24 h after the cap of the tube had been 
open for 20 seconds (thus after air exposure; a yellow precipitate was formed, black line). b. A 
structure of a disulfide to which we attribute the black NMR spectrum (larger disulfide oligomers 
are not visible in the NMR spectrum, due to precipitation).
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3.3.3 Deprotection by Triethylamine

The only report on using Et3N to form SAMs from acetyl thioesters of  conjugated 

dithiols is from Shaporenko et al.16,54 They observed densely-packed SAMs, but did 

not describe the exact conditions used. This may be because the quality of  SAMs 

of  OPEs formed using  Et3N is  much less  sensitive  to  excess  of  base than,  for 

example,  SAMs  formed  using  Bu4NOH.  We  investigated  the  effects  of  the 

concentration  of  Et3N  on  the  formation  of  SAMs  from  diSAc-OPE2,  diSAc-

OPE3, diSAc-OPE4, SAc-OPE2, and SAc-OPE3 by immersing Au substrates in 

solutions  of  different  concentrations  of  Et3N  and  0.5  mM  of  each  of  these 

compounds in  THF (except  diSAc-OPE4, which saturated above 0.1  mM) and 

measuring the thicknesses of  the resulting SAMs by ellipsometry.55 Using 3% (v/v) 

Et3N with diSAc-OPE3, we observed reasonable thicknesses, but SAMs of  diSAc-

OPE4 were too thin. For 9-15 % (v/v) Et3N we measured a linear increase in the 

thicknesses  of  the SAMs with increasing length of  molecules  (Figure 3.7a),  in 

contrast to SAMs grown from solutions with Bu4NOH or without base (Figure

3.5b).

We followed the deprotection reaction using Et3N by acquiring UV-Vis spectra for 

a 0.3 mM solution of  diSAc-OPE3 in a 12% solution of  Et3N in THF after 5 

minutes, 24h, and 48h (Figure 3.7b). The spectrum did not change appreciably and 

there were no peaks at 458 or 460 nm, indicating a lack of  thiolate in solution. 
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Figure 3.7 a. A plot showing a linear increase of the thicknesses of SAMs of OPE-dithiols (blue 
structures, upper-left) and OPE monothiols (red structures, lower-right), formed after two days 
immersion time in solutions with 9-15% Et3N, with their length. SAMs of the OPE dithiols were 
measured by ellipsometry (blue circles) and those of OPE monothiols by ellipsometry (red filled 
squares) and XPS (black open squares). b. UV-Vis absorption spectra of 0.3 mM solution of diSAc-
OPE3 in THF without base (black) and with 12% Et3N, after 1 day (blue) and 2 days (red).
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Unlike  Bu4NOH,  Et3N  is  a  hindered,  non-nucleophilic  base  and  therefore  the 

mechanism of  the  deprotection probably  proceeds through the generation of  a  

ketene. Ketenes are normally generated by treating acid chlorides/bromides with a 

non-nucleophilic  base56,57 (e.g.,  acetyl  chloride  and Et3N)  which  abstracts  an  -α
proton and eliminates chloride/bromide, reforming the carbonyl with a cumulative 

double bond (Scheme 3.5). While thioesters normally do not form ketenes, here 

the thiolate leaving-group is sufficiently delocalized to make it  stable enough to 

form a small amount of  ketene (and the commensurate OPE thiolate). 

Taking into account the fact that (loosely-packed) SAMs can form directly from 

acetyl thioesters, we propose the following mechanism for the formation of  SAMs 

from diSAc-OPE3 and Et3N: diSAc-OPE3 adsorbs to the Au substrate where it is 

slowly converted to SAc-OPE3-S-Au, eventually forming a very sparse monolayer 

comprising small  domains of  standing-up phases,  disordered phases, and lying-

down phases  (which  we  observe  as  a  smaller  ellipsometric  thickness  than  the 

predicted value).  The slow reaction between Et3N and diSAc-OPE3 in solution 

produces an amount of  SAc-OPE3-S that is small enough that effectively no diS-

OPE3 is formed. This small amount is below the detection limit of  our UV-Vis 

experiments. The SAc-OPE3-S that does form, however, associates strongly with 

the Au substrate,  displacing adsorbed diSAc-OPE3 and incorporating itself  into 

the standing-up phase, forming a densely-packed SAM as drawn in Figure 3.2c that 

we observe as an ellipsometric thickness that equals the predicted value. These are 

the ideal conditions for self-assembly because each step is highly-reversible: diSAc-

OPE3 forms a weakly-adsorbed lying-down phase and the low concentration of  

SAc-OPE3-S  prevents  driving  the  equilibrium  too  far  towards  the  (disordered) 

chemisorbed state. Over the course of  24-48 h this process forms a high-quality, 

densely-packed monolayer.
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Scheme 3.5 The proposed mechanism for the reaction of a thioacetate with Et3N.
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3.3.4 Deprotection by Pyrrolidine

We have used pyrrolidine to hydrolyze the thioesters of  diSAc-OPE3 in situ to the 

thiol as described by Yelm.58 Since pyrrolidine is a strongly nucleophilic amine, it 

most likely reacts with the thioester via an addition-elimination reaction as drawn 

in (Scheme 3.6).

This mechanism is supported by the results of  UV-Vis absorption and  1H NMR 

experiments  on  0.3-0.5  mM  diSAc-OPE3  solutions  in  THF  and  THF-d8 

respectively with one, two, and three eq. pyrrolidine added (Figure 3.8). Addition 

of  one eq. of  pyrrolidine results in a redshift of  the UV-Vis absorption spectrum by 

3 nm (λmax shifts from 331 to 334 nm). Addition of  a second eq. of  pyrrolidine 

causes λmax to shift to 336 nm, while addition of  a third eq. does not influence the 

spectrum. Thus diSAc-OPE3 reacts  with two eq.  pyrrolidine (one per  SAc),  in 

agreement with the mechanism in Scheme 3.6. 

1H NMR spectroscopy shows the signals of  the product formed upon addition of  

two eq. shifted upfield compared to diSAc-OPE3 (Figure 3.8b), but not as far as for 

the dithiolate dianion (Figure 3.4c). Thus, we have formed a symmetric compound 

other  then  the  dithiolate  dianion,  most  likely  being  the  dithiol  of  OPE3. 

Furthermore, we have identified N-acetylpyrrolidine in the  1H NMR spectrum,59 

although  we  were  not  able  to  find  the  signal  of  the  thiol  (which  could  be 

underneath the solvent signal of  THF-d8).

We examined the influence of  deprotection by pyrrolidine on the formation of  

SAMs of  diSAc-OPE3 on gold (Figure 3.9). SAMs from a solution with two eq. 

pyrrolidine grow faster than from a solution with one eq. and reach completion in 

about two days, which the SAMs from the solution with one eq. have not reached 

after three days.
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Scheme 3.6 The proposed mechanism for the reaction of a thioacetate with pyrrolidine.
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However, SAMs grown from a solution to which 15% Et3N was added grow faster 

than from solutions with pyrrolidine, even though for the solution with Et 3N no 

difference of  the UV-Vis spectrum was observed compared to the solution without  

any base (i.e. diSAc-OPE3 was the main species present in the solution with Et3N). 

This confirms our hypothesis that small amounts of  monothiolate anions promote 

the formation of  SAMs, whereas SAMs from dithiols grow in a similar way as  

those of  dithioacetates, though the dithiols have the advantage that they can fit in 

the vacancies better, so that the SAM reaches completion after about two days.
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Figure 3.9 Ellipsometric thicknesses of the SAMs formed from diSAc-OPE3 as function of the 
immersion time, with 1 (blue squares), and 2 eq. of pyrrolidine (green diamonds), and 15% Et3N 
added (red circles).

Figure 3.8 a. UV-Vis absorption spectra of 0.3 mM diSAc-OPE3 in THF with 0 (black), 1 (blue), 2 
(green), and 3 (red) eq. of Bu4NOH. b. 1H NMR spectra from 7.7-7.0 ppm, of 0.3 mM diSAc-OPE3 in 
THF-d8 (green), with addition of 1 eq. pyrrolidine (red), with addition of 2 eq. pyrrolidine (blue). 
These spectra indicate the formation of diSH-OPE3.
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3.3.5 Deprotection of Terphenylene Dithioacetate by Different 
Bases

In order to relate our results to previous studies that were done with NH4OH as 

deprotecting agent for the dithioacetate of  terphenylene (diSAc-P3), we measured 

the UV-Vis absorption spectra of  0.3 mM diSAc-P3 in THF with zero, one, two,  

three, four, and six eq. of  Bu4NOH (Figure 3.10a). We compared these spectra to 

those reported by Krapchetov et al. for 0.25 mM diSAc-P3 in THF using NH4OH.60 

They found that a large excess of  NH4OH (~640 eq.) was needed to affect the UV-

Vis absorption spectrum: the wavelength of  the maximum absorption shifted from 

301 to 312 nm after 25 h, which they attributed to formation of  the thiolate. We  

found that, as the peak at 301 nm diminished, one eq. of  Bu 4NOH formed a peak 

at 420 nm, which we assign to the monothiolate, and two to four eq. shifted it to 

406  nm,  which  we  assign  to  the  dithiolate.  Krapchetov  et  al. repeated  the 

experiment in  ethanol  and obtained UV-Vis  spectra that  more closely resemble 

ours.

We observed only a 4 nm shift in the absorption spectrum upon addition of  two 

eq. pyrrolidine (Figure 3.10b), which we attribute to formation of  the thiol instead 

of  the thiolate (Section 3.3.4). We postulate that NH4OH in THF forms SAc-P3-

SH,  because  of  the  aforementioned  incompatibility  of  aqueous  NH4OH  with 

aprotic solvents, but that SAc-P3-S and diS-P3 form in ethanol, a protic solvent,  

stabilizing  the  thiolate  by  solvation.  These  results  underscore  the  impact  that 

solvent can have on the effectiveness of  the base on the deprotection of  thioesters. 
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Figure 3.10 UV-Vis absorption spectra of 0.3 mM diSAc-P3 in THF a. with 0 (black), 1 (blue), 2 
(green), 3 (orange), 4 (red), and 6 (dark red) eq. of Bu4NOH and b. without base (black), with 2 eq. of 
pyrrolidine (red), and with 15% of Et3N (blue).



Controlling the Formation of Self-Assembled Monolayers of Conjugated Thiols on Gold

When comparing  NH4OH and Bu4NOH, even though the base is ostensibly the 

same (OH–), the counterion determines the amount of  reactive base that is present 

in solution and thus the amount of  thiolate that forms.

We repeated the measurements on the kinetics of  the formations of  SAMs with 

diSAc-P3  and  found  the  same  trends  as  for  diSAc-OPE3.55 Krapchetov  et  al.  

observed  similar  trends  for  SAMs  formed  from  diSAc-P3  on  GaAs:  low 

concentrations of  NH4OH in ethanol produce SAMs comprising mostly standing-

up phases, while high concentrations lead to more of  the lying-down phases.61,60 No 

high-quality  monolayers  were  obtained  from solutions  with  NH4OH in  THF.62 

Though they studied SAMs on GaAs,  the relationship  between the amount  of  

thiolate formed and the composition of  the SAM is the same: pure thioester forms 

low-density SAMs, a small fraction of  monothiolate forms densely-packed SAMs, 

and a high fraction of  dithiolate forms only the lying-down phase. 

3.4 Composition of the SAMs by XPS
We used X-ray Photoelectron Spectroscopy (XPS) to determine the composition of  

SAMs formed from benzenethiol, SAc-OPE2, and SAc-OPE3.55 We found only 

one S2p doublet at 162 eV for all of  the SAMs formed from monothiols, indicating  

that all of  the sulfur atoms in the SAM are bound to Au. From the same data, we 

estimated the thicknesses of  the SAM by determining the ratio of  the areas of  the 

peaks  corresponding  to  C1s  and  Au4f  and  found  good  agreement  with  those 

determined by ellipsometry (Figure 3.7a, see Section  3.8.4 for more details). We 

varied  the  conditions  of  the  formation  of  the  SAMs  from  diSAc-OPE3  to 

determine the influence of  the ratios of  diSAc-OPE3, SAc-OPE3-S, and diS-OPE3 

that are present in solution. We measured SAMs formed from three solutions: 0.5  

mM diSAc-OPE3 and i) no base, ii) 15% Et3N, and iii) six eq. Bu4NOH (Table 3.1 

and Figure 3.11). We chose these three conditions because i serves as a control and 

ii and iii are the boundary conditions for the formation of  thiolate—no dithiolate 

and no monothiolate, respectively. The thicknesses measured by XPS were 13.1 Å 

for no base, 17.5 Å for 15% Et3N, and 9.8 Å for six eq. Bu4NOH—we observed the 

same trend by ellipsometry (see notes of  Table S2 for more details).
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The XPS spectra of  the SAM formed without base shows two sulfur peaks, one 
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Figure 3.11 C1s (a, e, i, m, q), S2p (b, f, j, n, r), O1s (c, g, k, o, s), and N1s (d, h, l, p, t) XPS signals for 
SAMs from diSAc-OPE3 without base (a-d), with 15% Et3N (e-h), with 6 eq. Bu4NOH (i-l), without 
base, followed by immersion in 20 mM.Bu4NOH (m-p), with 15% Et3N, followed by immersion in 20 
mM.Bu4NOH (q-t). Fits are shown as solid lines.
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bound to Au (162 eV) and one unbound sulfur atom (164 eV). The integral of  the 

peak corresponding to the sulfur atoms that are bound to gold is smaller than that 

for  the unbound sulfur atoms because the signal for the buried sulfur atoms is  

attenuated by the SAM. The integrals of  the peaks corresponding to the carbon 

(C1s,  288 eV)  and oxygen (O1s,  532 eV)  of  the carbonyl  are  equal  to  that  of  

unbound sulfur (Table 3.1). We did not observe any other sulfur or oxygen peaks, 

thus we conclude that the SAM comprises SAc-OPE3-S bound to Au. The SAM 

formed using 15% Et3N again shows two unequal sulfur peaks (162 and 164 eV), 

but the peak for S-Au was significantly smaller. This increased attenuation is again 

due to the increase in the density of  the SAM formed using 15% Et 3N compared to 

that formed without base. The integral of  the peak corresponding to the carbonyl 

carbon (288 eV) is 70% of  that of  the oxygen (532 eV) and only 40% of  that of  

unbound sulfur. Since there are only two sulfur peaks (and no peaks for S=O at 168 

eV), it is unlikely that this excess oxygen is from oxides of  sulfur. By comparing the  

integral of  the peak corresponding to the carbonyl C1s to those of  the carbon  

atoms in the OPE backbone and the signal of  unbound sulfur, we conclude that 40-

60% of  the sulfur atoms that are not bound to Au are protected by acetyl groups. 

(The presence of  free thiols may be causing the apparent increase in the amount of  

oxygen by inducing surreptitious, oxygen-rich compounds to adsorb to the surface.) 

By comparison, Shaporenko et al. estimated this value to be 10-20% for SAMs of  

diSAc-biphenyls.16 We could not identify any signals for nitrogen in the XPS data, 

indicating that none of  the Et3N was incorporated into the SAM.

The XPS data for SAMs formed using six eq. Bu4NOH show peaks for sulfur that 

are too small to draw any conclusions from (other than the fact that there is not 

much sulfur in the sample). No peaks corresponding to the carbon and oxygen of  

the carbonyl are visible, but there is a large nitrogen peak. This means that the 

SAMs formed from six eq. Bu4NOH (i.e., pure diS-OPE3) are not only significantly 

less dense than the other two samples, but also incorporate the counter ion of  the 

base (ratio OPE : Bu4N+ ≈ 1). We treated the other two SAMs (no base and 15% 

Et3N) with Bu4NOH and measured them again. The resulting spectra show thicker 

SAMs with smaller signals for the carbonyl carbon and oxygen and the appearance 

of  a  nitrogen  peak.  We conclude  that  Bu4NOH can be  used  to  remove acetyl 

thioesters from the surface of  a SAM, but that Bu4N+ ions are incorporated into 

the  SAM (probably  as  counterions  to  the  thiolates).  Nevertheless,  these  results 

show that we can not only determine the composition of  head groups in SAMs 

from dithioacetates, but that we can control this composition.
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Table 3.1 Composition of the SAMs: X-ray Photoelectron Spectroscopy Measurements

Conditions Integrated Intensities a Normalized 
Intensities

0.5 mM diSAc-OPE3 
in THF

Au4f C1s
CxHy

C1s
C=O

S2p
S-Au

S2p
S-R

O1s N1s C1s 
per OPE 
C-atom b

84 eV 283-287 eV 288 eV 162 eV 164 eV 532 eV 403 eV 283-287 eV

no base, 70 h 13004 977 39 30 39 43 - 43

15% Et3N, 46 h 10845 1229 28 33 72 40 - 55

3 mM Bu4NOH, 40 min 12031 633 - 5 - - 17 17

(1) no base, 70h
(2) 20 mM Bu4NOH, 80 

sec c

7863 860 - 29 12 15 25 21

(1) 15% Et3N, 49 h
(2) 20 mM Bu4NOH, 7 

min c

5802 696 - 20 12 20 20 17

a. These areas are divided by the sensitivity factor: 1 for C1s, 1.79 for S2p, 2.49 for O1s, and 1.68 for N1s. For 
Au4f the total area is reported (not divided by a sensitivity factor)

b. The total area of the CxHy C1s signal is divided by the number of C-atoms in the OPE core. We correct for the 
presence of other C-atoms: (1) from the acetyl group, by assuming that the intensity of CH3 is the same as 
C=O, and (2) from Bu4N+, by assuming that the intensity of the N1s signal only comes from Bu4N+, and that the 
16 C atoms of Bu4N+ each contribute with the same intensity to the C1s signal.

c. SAMs were prepared in two steps: the first step is the immersion in OPE-solution, the second step is the 
treatment with a 20mM Bu4NOH solution in THF (without OPE molecules).

3.5 Electrochemical Characterization of the 
SAMs

3.5.1 Quality of the SAMs

We measured the density of  SAMs on Au discs formed from 0.3-0.5 mM diSAc-

OPE3 in THF and i) no base, ii) one eq. Bu4NOH, iii) four eq. Bu4NOH, and iv) 

15 % (v/v) Et3N using cyclic voltammetry (CV). We acquired CV data for these 

SAMs  in  a  three  electrode  electrochemical  cell  with  0.1  mM  aqueous  K2SO4 

electrolyte, containing a Fe2+/Fe3+ redox couple, using the Au discs as the working 

electrode. We compared the redox waves to those for freshly cleaned Au (Figure

3.12). There were no redox waves present for SAMs formed using Et3N, indicating 

that  these SAMs were free of  pinholes—i.e.,  they are densely-packed and high-
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quality,  covering  100%  of  the  Au  disc.  Thus,  with  Et3N  we  meet  the  most 

important  requirement  of  SAMs  for  applications  in  Molecular  Electronics:  a 

densely-packed and defect-free SAM reduces the formation of  shorts.

The CV data for Au discs immersed in solutions comprising only Et3N (no OPE) 

are identical to those for clean Au and have the largest current density (J, 175 and 

180 A/cmμ 2 respectively). The second-largest J are for SAMs formed using no base 

(132 A/cmμ 2) and four eq. Bu4NOH (136 A/cmμ 2). J is smaller for SAMs formed 

using one eq.  Bu4NOH (91  A/cmμ 2).  These data agree with the data obtained 

using  ellipsometry  and  we  can  conclude  that  the  thicknesses  measured  by 

ellipsometry that were lower than the predicted values correspond to SAMs that 

are less dense than 100% coverage.

3.5.2 Capacitance Measurements

In the same setup, in the absence of  Fe2+/Fe3+,  we measured the capacitance of  

SAMs formed using 15% (v/v) Et3N in THF and 0.5 mM: i) benzenedithiol,63 ii) 

diSAc-OPE2,  iii)  diSAc-OPE3,  iv)  diSAc-OPE4  (0.1  mM),  and  v)  Au  disks  

immersed  in  15%  (v/v)  Et3N  in  THF  without  OPEs  as  a  control.  We  also 

measured blank Au disks (Figure 3.13). In these CV measurements the SAM acts 

as the dielectric layer for a capacitor that is formed from the dielectric double layer 
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Figure 3.12 Cyclic Voltammograms of 50 M FeKμ 3(CN)6 and 50 M FeKμ 4(CN)6 as a redox couple in 
0.1M K2SO4 in water at 100 mV/s with Hg/HgSO4 as reference electrode, a Pt disk counter 
electrode, and gold disk working electrodes (0.44 cm2) with: diSAc-OPE3 and 4 eq. Bu4NOH (red), 
diSAc-OPE3 and 1 eq. Bu4NOH (blue), diSAc-OPE3 and 15% Et3N (green), diSAc-OPE3 without base 
(black), freshly cleaned gold (orange), and gold immersed in 15% Et3N in THF without OPE (gray). 
Only the SAM of diSAc-OPE3 formed using 15% Et3N completely blocks the Fe2+/Fe3+ redox signal, 
indicating a densely-packed SAM that is free of pinholes.
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and the Au disc. We measured a decrease in capacitance for increasing thicknesses: 

9.56, 6.53, 4.38, and 2.57 F/cmμ 2 for v, i, ii, and iii respectively. A similar decrease 

was  reported  for  SAMs of  alkanethiols64 and  oligophenylenethiols,65 according 

C/A = ε0 εr  /d,  in  which  C/A  is  the capacitance divided by the area,  d is  the 

thickness of  the SAM, ε0 is the electric constant and εr is the dielectric constant of  

the SAM. Using this equation for the capacitances that we found for OPE1-3 gives  

a dielectric constant of  5, which is slightly higher than expected.

The capacitance of  the SAM formed from diSAc-OPE4 (2.47 F/cmμ 2) is nearly 

identical to that from diSAc-OPE3 (2.57 F/cmμ 2).  It  is possible that this is the 

result  of  defects  in  the  SAMs,  which  give  higher  values  for  capacitance,  but 

unlikely  given  the  close  match  between  the  predicted  and  measured  values  of  

thickness  by  ellipsometry.  This  same  trend  was  observed  in  LAMJs  (see  next 

section).
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Figure 3.13 a. Cyclic Voltammograms showing the capacitive current at 100 mV/s in 0.1 M K2SO4, 
using varying gold disk working electrodes: a reference gold sample immersed in 15% Et3N in THF 
(orange), with a SAM grown from benzenedithiol (black), from diSAc-OPE2 + 15% Et3N (blue), from 
diSAc-OPE3 + 15% Et3N (red), and from diSAc-OPE4 + 15% Et3N in THF (green), and b. Plot of the 
average capacitive current values (at -0.25 V vs Hg/HgSO4, which is +0.39 V vs SHE) versus the scan 
speed. The slopes of this plot give the capacitance values of the modified gold disk working 
electrodes.
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3.6 Large Area Molecular Junction Devices
To demonstrate the high-quality  and high reproducibility  of  SAMs grown with 

Et3N on large areas, we measured the current-densities (J,  A/cm2) of  SAMs of  

benzenedithiol,  diSAc-OPE2,  diSAc-OPE3,  and  diSAc-OPE4  in  LAMJs  at  an 

applied bias of  0.5 V (Figure 3.16).  These junctions comprise an evaporated Au 

bottom electrode, the SAM, a layer of  PEDOT:PSS that serves as the top-contact, 

and a second evaporated Au electrode that is used to contact the PEDOT:PSS.66 

The measured values of  J are averaged over hundreds of  devices with diameters of  

5-50 m across two wafers for OPE1-3 and one wafer for OPE4. When μ plotted on 

a logarithmic scale, these data are linear as a function of  the thickness of  the SAM. 

Using the equation lnJ = J0 - d β (where β is the characteristic decay, d is the length 

of  the molecules in the SAM, and J0 is the theoretical current-density at d = 0) we 

calculated  β from the slope of  OPE1-3 (Figure 3.16, black diamonds) to be 0.15 

Å-1.67 Typical values of   for thiol-terminated OPEs using STM break-junctionsβ  

and CP-AFM are 0.34 and 0.21 Å-1 respectively,68,15 and are significantly lower than 

those found for alkanethiols (0.6-0.73 Å -1 in LAMJs2,66 up to 0.9 Å-1 in many other 
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Figure 3.16 Average current densities at 0.5 V for Large-Area Molecular Junction devices with 
diameters ranging from 5 - 50 m. μ The right figure is a schematic (not to scale) of the architecture of 
the devices with OPE1-4 and the inset in the graph shows a 6 inch wafer with LAMJ devices 
(adopted from ref. 66). Black diamonds show the average current densities from two wafers each for 
optimized SAMs of benzenedithiol (0.5 mM in THF, without base), diSAc-OPE2 (0.5 mM in THF, 5-
10% Et3N added), diSAc-OPE3 (0.5 mM in THF, 5-10% Et3N added), and diSAc-OPE3 (0.1 mM in THF, 
10% Et3N added). The tunneling decay parameter β from the linear fit (black line) is 0.15 Å-1. Gray 
circles show the average current densities (one wafer each) of SAMs of diSAc-OPE3 grown under 
different conditions: 0.5 mM in THF without base gives a current densities that are higher than 
expected, 0.5 mM in THF with 10% Et3N gives the expected values, and 0.3 mM in THF with four eq. 
of Bu4NOH gives values that are much lower than expected; only SAMs formed using Et3N lead to 
reproducible data between experiments. 

Figure 3.14 Average current densities at 0.5 V for Large-Area Molecular Junction devices with 
diameters ranging from 5 - 50 m. μ The right figure is a schematic (not to scale) of the architecture of 
the devices with OPE1-4 and the inset in the graph shows a 6 inch wafer with LAMJ devices 
(adopted from ref. 66). Black diamonds show the average current densities from two wafers each for 
optimized SAMs of benzenedithiol (0.5 mM in THF, without base), diSAc-OPE2 (0.5 mM in THF, 5-
10% Et3N added), diSAc-OPE3 (0.5 mM in THF, 5-10% Et3N added), and diSAc-OPE3 (0.1 mM in THF, 
10% Et3N added). The tunneling decay parameter β from the linear fit (black line) is 0.15 Å-1. Gray 
circles show the average current densities (one wafer each) of SAMs of diSAc-OPE3 grown under 
different conditions: 0.5 mM in THF without base gives a current densities that are higher than 
expected, 0.5 mM in THF with 10% Et3N gives the expected values, and 0.3 mM in THF with four eq. 
of Bu4NOH gives values that are much lower than expected; only SAMs formed using Et3N lead to 
reproducible data between experiments. 

Figure 3.15 Average current densities at 0.5 V for Large-Area Molecular Junction devices with 
diameters ranging from 5 - 50 m. μ The right figure is a schematic (not to scale) of the architecture of 
the devices with OPE1-4 and the inset in the graph shows a 6 inch wafer with LAMJ devices 
(adopted from ref. 66). Black diamonds show the average current densities from two wafers each for 
optimized SAMs of benzenedithiol (0.5 mM in THF, without base), diSAc-OPE2 (0.5 mM in THF, 5-
10% Et3N added), diSAc-OPE3 (0.5 mM in THF, 5-10% Et3N added), and diSAc-OPE3 (0.1 mM in THF, 
10% Et3N added). The tunneling decay parameter β from the linear fit (black line) is 0.15 Å-1. Gray 
circles show the average current densities (one wafer each) of SAMs of diSAc-OPE3 grown under 
different conditions: 0.5 mM in THF without base gives a current densities that are higher than 
expected, 0.5 mM in THF with 10% Et3N gives the expected values, and 0.3 mM in THF with four eq. 
of Bu4NOH gives values that are much lower than expected; only SAMs formed using Et3N lead to 
reproducible data between experiments. 
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junctions40). It  is  cumbersome  to  make  a  direct  comparison  to  these   valuesβ  

because of  the different areas (single-molecule for STM, hundreds of  molecules for 

CP-AFM, and areas of  several µm for LAMJs) and contact geometries. However, 

0.15  Å-1 is  in  good  agreement  with  the  value  obtained  for  oligophenylenes  in 

LAMJs (0.26 Å-1)69 and in accordance with theoretical predictions (0.19 Å -1 for 

OPEs and 0.24-0.33 Å-1 for oligophenylenes).70 For OPE4 we found a value very 

close  to  that  of  OPE3  (log  J =  2.33±0.29  A/cm2 for  OPE4  (one  wafer)  vs 

2.40±0.50  A/cm2 for  OPE3),  a  trend  also  observed  in  the  capacitance 

measurements.  The relatively high J of  the SAMs of  OPE4 might indicate the 

presence of  defects in the SAMs of  OPE4 (inconsistent with the data obtained by 

ellipsometry).  Lu et  al.  observed a similar  decrease in length dependence for a 

diamine series of  OPE1-7.71 They attribute this observation to a transition in the 

charge  transport  mechanism  from tunneling  to  a  hopping  between  OPE3  and 

OPE4,  similar  to  the  transitions  reported  by  Frisbee  for  conductance 

measurements on other types of  SAMs.72

To demonstrate the intimate connection between the mechanism of  deprotection 

and the performance of  ME devices, we measured J of  SAMs of  diSAc-OPE3 i) 

without base (0.5 mM in THF, immersed for two days), ii) with four eq. Bu4NOH 

(0.3 mM in THF, immersed for one hour) and iii) with 10% Et3N (0.5 mM in THF, 

immersed for two days). These data are summarized in Figure 3.16 as gray circles. 

The J that we measured for the SAM formed using Et3N is similar (within the error 

bar)  to  the  J  found  for  identical  SAMs  in  the  length-dependence  experiments 

described above.73 For the SAMs without base we found a J that was a factor ten 

higher which, in accordance with the lower apparent ellipsometric thickness, we 

attributed  to  a  less  densely-packed  SAM.  The  SAMs  formed  using  Bu4NOH 

resulted in devices with J two orders of  magnitude lower than that of  the SAMs 

grown with Et3N. This is either due to the formation of  multilayers, the presence of  

Bu4N+, or the adsorption of  polymerized disulfides on top of  the SAM. Though we 

do  not  know  the  exact  structure  of  this  layer,  these  electrical  measurements 

demonstrate that four eq. Bu4NOH gives SAMs of  low quality. We note that in 

these experiments, despite the poor quality of  the SAMs formed without base and 

using Bu4NOH, we obtained functional (i.e., non-shorted) devices that produced 

reasonable values of  J, highlighting the importance of  using the correct procedures 

to form SAMs for electrical measurements. Although it is common to assume that  

high-quality, densely-packed SAMs form simply by treating a diSAc molecule with 

any base, we show that it is not valid to conclude that a SAM is of  high-quality 
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simply from the observation of  "reasonable" data in a ME device.

3.7 Conclusions
We draw two important conclusions from this work: i) densely-packed SAMs of  

linear,  conjugated  dithiols  only  form  from  solutions  that  contain  primarily 

monothiolate  and  dithioacetate,  but  essentially  no  dithiolate,  and  ii)  the 

observation of  reasonable data in ME devices is not sufficient evidence to conclude 

that  a  SAM  is  densely-packed  or  of  high-quality.  The  only  way  to  achieve  a  

solution of  monothiolate from diSAc molecules is to treat them with a base that 

forms monothiolate in sufficiently low quantities that the effective concentration of  

dithiolate in the solution is zero. We demonstrate unambiguously that this can be 

done using 9-15% Et3N in THF and allowing (the high-quality) SAM to form over 

24-48 h. Dense SAMs will also form with one or two eq. of  Bu4NOH but, after 

more than two hours of  immersion, multilayers will form. The use of  any amount 

of  Bu4NOH will lead to the incorporation of  some Bu4N+ in the monolayer and 

too  much  Bu4NOH  will  drive  the  equilibrium  to  the  dithiolate,  resulting  in 

monolayers that are not upright oriented SAMs, but chemisorbed molecules lying 

flat on the surface. For some ME measurements it is not desirable to have a dense 

monolayer. In these cases, diSAc molecules can be used without deprotection to 

form reproducible,  but not densely-packed SAMs with thioacetate head groups. 

With this new understanding of  the formation of  SAMs we can exert some control 

over  the  head  group,  which  opens  possibilities  for  new methods  of  contacting 

SAMs. It is our hope that the use of  these procedures will eliminate the quality of  

the SAM as a variable in future work in ME and correct the tendency to under-

report the experimental details of  the in situ deprotection of  diSAc molecules. 
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3.8 Experimental Section

3.8.1 Synthesis

General Comments on Chemicals and Synthesis

Benzenedithiol was purchased from TCI (>95%) and benzene(mono)thiol from Aldrich (>99%). 

DiSAc-P3 was synthesized by Bert de Boer.11 Tetrahydrofuran (THF) was dried by percolation 
over columns of  aluminum oxide and R3-11-supported Cu-based oxygen scavengers, degassed, 

and stored under nitrogen. THF-d8 was dried and degassed prior to use. Triethylamine (Et3N) 
was distilled over KOH under nitrogen or purchased from Fisher (HPLC grade) and degassed. 

Diisopropylamine was distilled over NaOH. Copper iodide was heated and dried under vacuum 
and  then  stored  under  a  nitrogen  atmosphere.  Tetrabutylammonium  hydroxide  30-hydrate 

(Bu4NOH) was purchased from Sigma-Aldrich and stored under dry nitrogen. All reactions were 
performed under a nitrogen atmosphere, using dry solvents and oven-dried glassware (150 °C).

UV-Vis absorption spectra were measured on a Perkin Elmer Lambda 900 Spectrometer in a 1 
mm quartz  cuvette  with  Teflon  stopper,  typically  in  30-60  minutes  after  preparation  of  the 

solution,  unless  indicated  otherwise.  J.  Young  NMR  tubes  were  used  for  the  deprotection 
experiments to keep the solutions under nitrogen during the measurement. Spectra were referred 

to the solvent signal (CHCl3: H, 7.26 ppm; C, 77.0 ppm, THF-d8: H, 3.60 ppm). See Chapter 2 
for more details on the analysis of  organic compounds.

Bis[(4-tert-butylthiophenyl)acetylene (diStBu-OPE2)

Dichlorobis(triphenylphosphine)palladium(II) (92 mg , 0.13 mmol), 
copper iodide (43 mg, 0.23 mmol), and 2.11 (688 mg, 2.81 mmol) 

were  placed  in  a  three-necked  flask.  THF  (25  mL)  and 
diisopropylamine (5 mL) were added and the mixture was stirred. 2.13 (960 mg, 3.85 mmol) was 

added and the mixture was refluxed for 21 hours and concentrated to dryness. The crude product 
was redissolved in CH2Cl2 and run over a plug of  silica gel, eluted with CH2Cl2. The resulting 

1.29 g light brown solid was preadsorbed onto silica gel and purified by column chromatography 
(silica gel, CH2Cl2/heptane 1:4). The resulting material was recrystallized from 25 mL ethanol 

and 593 mg (1.67 mmol, 60%) of  the title compound was obtained as white crystals.
1H NMR (400 MHz, CDCl3):  7.53-7.47 (m, 8H), 1.30 (s, 16H). δ 13C NMR (50 MHz, CDCl3): δ 
137.24, 133.45, 131.48, 123.37, 90.28, 46.52, 30.97. IR (cm -1): 2972, 2960, 2939, 2919, 2894, 
2858, 2162, 1925, 1594, 1497, 1479, 1468, 1457, 1398, 1362, 1163, 1143, 1105, 1094, 1012, 840,  

831,  721,  657.  HRMS (APCI)  calculated  for  [M+H]+ 355.1549,  found  355.1528.  Calcd  for 
C22H26S2: C, 74.52; H, 7.39; S, 18.09. Found: C, 74.89; H, 7.48; S, 18.31.

Bis[(4-acetylthiophenyl)acetylene (diSAc-OPE2)

diStBu-OPE2 (300  mg,  0.845  mmol)  was  dissolved  in 
chloroform/toluene (1:1, 60 mL) and acetyl chloride (7.7 mL) was 
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added. While stirring, BBr3 (1 M in CH2Cl2, 15 mL, 15 mmol) was added slowly. The reaction 

mixture was stirred for 3.5 hours and poured into ice water (600 mL). This was extracted with  
CH2Cl2 (4  x 200 mL),  dried over  Na2SO4,  filtered,  and all  volatiles  were removed by rotary 

evaporation.  The  crude  material  was  preadsorbed  onto  silica  gel and  purified  by  column 
chromatography (silica gel, CH2Cl2/heptane 2:1) yielding 250 mg (0.766 mmol, 91%) of  the title 

compound as a white solid.
1H NMR (400 MHz, CDCl3):  7.57-7.54 (m, 4H), 7.42-7.39 (m, 4H), 2.44 (s, 6H).  δ 13C NMR 

(125 MHz, CDCl3):   193.38,  134.22, 132.22,  128.36, 124.12,  90.21, 30.30. IR (cmδ -1):  3372, 
2922, 2852, 2187, 1909, 1691, 1395, 1350, 1120, 1103, 1090, 1013, 964, 826, 659, 616. HRMS  

(APCI) calculated for [M+H]+ 327.0508, found 327.0484. Calcd for C18H14O2S2: C, 66.23; H, 
4.32; S, 19.65. Found: C, 66.44; H, 4.72; S, 18.59.

1,4-Bis[(4-tert-butylthiophenyl)ethynyl]benzene (diStBu-OPE3)

This compound was prepared by a modification of  the 
literature  procedure.42 To  a  suspension  of  

dichlorobis(triphenylphosphine)palladium(II)  (154  mg  , 
0.219 mmol) and copper iodide (105 mg, 0.551 mmol) in THF (25 mL) and toluene (25 mL) 

were added triethylamine (21 mL), 2.13 (1.534 g, 8.06 mmol), and 1,4-diiodobenzene (887 mg, 
2.69 mmol). The reaction mixture was stirred for 4.5 hours and poured into 500 mL NH4Cl in 

water.  This  was extracted with CH2Cl2 (3  x 500 mL) and the combined organic layers  were 
washed with brine (500 mL) and water (500 mL), dried over Na 2SO4, filtered, and the solvent 

was removed under reduced pressure until crystallization started. The mixture was placed in the 
refrigerator overnight and the crystals were collected and washed with 12 mL cold diethylether. 

The resulting solid was recrystallized from heptane and 905 mg (1.99 mmol, 74%) of  the title 
compound was obtained as off-white crystals.
1H NMR (300 MHz, CDCl3):  7.54-7.47 (m, 12H), 1.30 (s, 18H). δ 13C NMR (75 MHz, CDCl3): δ 
137.26, 133.49, 131.57, 131.48, 123.31, 123.01, 90.78, 90.50, 46.55, 30.97. IR (KBr, cm -1): 2976, 

2962, 2921, 2896, 2860, 2283, 2707, 2283, 1924, 1592, 1513, 1459, 1363, 1166, 1109, 1013, 840,  
830, 537. HRMS (APCI) calculated for [M+H]+ 455.1862, found 455.1826.

1,4-Bis[(4-acetylthiophenyl)ethynyl]benzene (diSAc-OPE3)

This compound was prepared by a modification of  the 
literature  procedure.42 diStBu-OPE3 (302  mg,  0.665 

mmol) was dissolved in chloroform/toluene (1:1, 60 mL) 
and acetyl chloride (6 mL) was added. While stirring, BBr3 (1 M in CH2Cl2, 12 mL, 12 mmol) 

was added slowly. The reaction mixture was stirred for 4.5 hours and poured into ice water (500  
mL). This was extracted with CH2Cl2 (4 x 200 mL), dried over Na2SO4, filtered, and all volatiles 

were removed by rotary evaporation. The crude material was preadsorbed onto silica gel and 
purified by column chromatography (silica gel,  CH2Cl2/heptane 2:1)  yielding 210 mg (0.492 

mmol, 74%) of  the title compound as a white solid.
1H NMR (500 MHz, CDCl3):  7.56 (d, δ J = 8.4, 4H), 7.52 (s, 4H), 7.41 (d, J = 8.4, 4H), 2.44 (s, 

6H).  13C NMR (125 MHz, CDCl3):  193.37, 134.23, 132.17, 131.63, 128.33, 124.23, 123.01,δ  
90.66, 90.59, 30.30. IR (cm-1): 3371, 2923, 2852, 2281, 1915, 1692, 1591, 1513, 1352, 1117, 1012, 

964, 840, 832, 824, 619. HRMS (APCI) calculated for [M+H]+ 427.0821, found 427.0789.
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Bis(4-bromophenyl)acetylene (3.1)

In  a  Schlenk  flask  were  placed  dichlorobis(triphenylphosphine)-

palladium(II) (170 mg, 0.24 mmol), copper iodide (152 mg, 0.80 mmol), 
and  1-bromo-4-iodobenzene  (2.23  g,  8.00  mmol).  Benzene  (40  mL),  trimethylsilylacetylene 

(0.390 g, 3.97 mmol), and DBU (7.2 mL) were added, directly followed by water (50 L). Theμ  
brown/orange mixture was stirred for 20 h. The mixture was poured into ether (550 mL) and 

water (300 mL) while stirring vigorously. The organic layers were washed with water (3 x 100 
mL), 10% HCl (3 x 100 mL), and brine (2 x 100 mL), and dried over NaSO 4 and filtered. The 

solvent was removed in vacuum and the orange solid was purified by column chromatography 
(silica gel, heptane), which yielded 1.13 g (0.34 mmol, 85%) 3.1 as white crystals. 
1H-NMR (400 MHz, CDCl3):  7.48 (d, δ J = 8.4, 4H), 7.38 (d, J = 8.4, 4H). 13C-NMR (100 MHz, 
CDCl3):  132.98, 131.68, 122.77, 121.86, 89.40. IR (KBr, cmδ -1): 3074, 2959, 2921, 1910, 1793, 

1653, 1588, 1491, 1395, 1306, 1295, 1271, 114, 1073, 1006, 830, 822, 510.

Bis[4-((4-tert-butylthiophenyl)ethynyl)phenyl]acetylene (diStBu-OPE4)

In a three-necked flask were placed 3.1 (1.101 

g,  3.28  mmol),  dichlorobis(triphenyl-
phosphine)palladium(II)  (238  mg,  0.34 

mmol), and copper iodide (65.8 mg, 0.35 mmol). THF (160 mL) and diisopropylamine (22 mL) 
were added and the mixture was stirred. 2.13 (1.52 g, 7.99 mmol) was added. The mixture was 

refluxed overnight and became a white suspension. After removal of  the solvent CH 2Cl2 (2 L) 
was added and the resulting solution was washed with water (2 x 500 mL) and brine (500 mL). 

The organic layers  were dried over Na2SO4,  filtered,  and the solvent was removed by rotary 
evaporation. The crude product was recrystallized from heptane/toluene, with hot filtration. The 

obtained orange crystals (1.10 g) were recrystallized from toluene, which yielded 905 mg (1.63 
mmol, 50%) of  the title compound as light yellow crystals. 
1H NMR (500 MHz, CDCl3):  7.5-7.48 (m, 16H), 1.31 (s, 18H). δ 13C NMR (125 MHz, CDCl3): δ 
137.25,  133.55,  131.59,  131.57,  131.49,  123.32,  123.08,  122.98,  91.01,  90.85,  90.51,  46.55,  

30.99. IR (cm-1): 2977, 2962, 2943, 2921, 2896, 2859, 2162, 1925, 1589, 1517, 1459, 1362, 1165, 
1111, 1012, 837, 829, 722. HRMS (APCI) calculated for [M+H]+ 555.2175, found 555.2130. 

Calcd for C38H34S2: C, 82.26; H, 6.18; S, 11.56. Found: C, 82.21; H, 6.19; S, 11.33.

Bis[4-((4-acetylthiophenyl)ethynyl)phenyl]acetylene (diSAc-OPE4)

diStBu-OPE4 (100  mg,  0.181  mmol)  was 

suspended in chloroform (57 mL) and toluene 
(27  mL)  upon  stirring  and  heating.  After 

cooling to room temperature acetyl chloride (9 mL) was added. BBr3 (1 M in CH2Cl2, 15 mL, 15 
mmol) was added in portions and the reaction mixture was stirred for 4 days. It was poured into  

ice water (600 mL), extracted with CH2Cl2 (4 x 200 mL), dried over Na2SO4, and filtered. The 
solution was concentrated until crystallization started. After cooling, crystals were filtered from 

the brown solution, washed with toluene, and dried. The title compound was afforded as 41 mg  
(0.078 mmol, 43%) off-white solid.

1H NMR (400 MHz, CDCl3):  7.56 (d, J = 8.1, 4H), 7.52 (s, 8H), 7.41 (d, J = 8.0, 4H), 2.44 (s,δ  
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6H). 13C NMR (125 MHz, CDCl3):  193.50, 134.25, 132.17, 131.64, 131.57, 128.24, 124.20,δ  

123.04, 122.90, 91.03, 90.65, 90.57, 30.33. IR (cm-1): 2919, 2202, 1927, 1694, 1590, 1518, 1485, 
1409, 1396, 1351, 1112, 1093, 1012, 948, 839, 820, 620. HRMS (APCI) calculated for [M+H]+ 

527.1134,  found 527.1090.  Calcd  for  C34H22O2S2:  C,  77.54;  H,  4.21;  S,  12.18.  Found:  C, 
72.51; H, 3.92; S, 11.60.

1-tert-butylthio-4-[(phenyl)ethynyl]benzene (StBu-OPE2)

In  a  three-necked  flask  were  placed  2.11 (1.017  g,  4.15  mmol), 
dichlorobis(triphenylphosphine)palladium(II) (163 mg, 0.23 mmol),  and 

copper iodide (48 mg, 0.25 mmol). THF (40 mL), diisopropylamine (8 
mL), and phenylacetylene (618 mg, 6.05 mmol) were added. The mixture was refluxed for 21 

hours, cooled to room temperature, and the solvents were evaporated under vacuum. The crude 
material was redissolved in  CH2Cl2 

and filtered over a plug of  silica, eluted with  CH2Cl2. The 

resulting  1.3  g  light  brown  solid  was  purified  by  column  chromatography  (silica  gel, 
CH2Cl2/heptane 1:4) and recrystallized from ethanol (25 mL) resulting in 823 mg (3.09 mmol, 

74%) of  the title compound as white crystals. 
1H NMR (400 MHz, CDCl3)  7.57-7.45 (m, 6H), 7.39-7.32 (m, 3H), 1.30 (s, 9H). δ 13C NMR (75 

MHz, CDCl3)  137.21, 133.17, 131.60, 131.46, 128.42, 128.36, 123.62, 123.01, 90.84, 88.80,δ  
46.45, 30.95. IR (cm-1): 2980, 2959, 2937, 2921, 2895, 2859, 2219, 1491, 1474, 1454, 1444, 1362,  

1166, 1098, 1015, 917, 833, 755, 689. HRMS (APCI) calculated for [M+H] + 267.1202, found 
267.1197. Calcd for C18H18S: C, 81.15; H, 6.81; S, 12.04. Found: C, 81.25; H, 6.81; S, 12.13.

1-acetylthio-4-[(phenyl)ethynyl]benzene (SAc-OPE2)

StBu-OPE2 (307  mg,  1.15  mmol)  was  dissolved  in  50  mL 
chloroform/toluene (1:1) and acetyl chloride (5 mL) was added. BBr3 (1 

M in  CH2Cl2, 10.5 mL, 10.5 mmol) was added slowly and the reaction 
mixture was stirred for 4 hours and poured into 500 mL ice water. After stirring for 2 hours, this 

was extracted with CH2Cl2 (500 mL in total), dried over Na2SO4, filtered, and all volatiles were 
removed.  The  crude  product  was  purified  by  column  chromatography  (silica  gel, 

CH2Cl2/heptane, 2:1) yielding 245 mg (0.97 mmol, 84%) of  the title compound as a yellow solid.
1H NMR (400 MHz, CDCl3)  7.58-7.50 (m, 4H), 7.43-7.33 (m, 5H), 2.44 (s, 3H). δ 13C NMR (125 

MHz, CDCl3)  193.49, 134.20, 132.15, 131.66, 128.53, 128.37, 127.97, 124.54, 122.87, 91.03,δ  
88.58, 30.26. IR (cm-1): 2919, 2852, 2219, 1695, 1492, 1440, 1396, 1352, 1128, 1111, 1099, 1089, 

1069,  1014,  940,  827,  755,  691.  HRMS  (APCI)  calculated  for  [M+H] + 253.06816,  found 
253.06837. Calcd for C16H12OS: C, 76.16; H, 4.79; S, 12.71. Found: C, 76.20; H, 4.92; S, 12.52.

1-Bromo-4-[(4-tert-butylthiophenyl)ethynyl]benzene (3.2)

To  a  suspension  of  1-bromo-4-iodobenzene  (1.02  g,  3.59  mmol), 
dichlorobis(triphenylphosphine)palladium(II)  (132 mg ,  0.19 mmol), 

and  copper  iodide  (73  mg,  0.38  mmol)  in  THF  (20  mL)  and 
triethylamine (10 mL) was added 2.13 (682 mg, 3.58 mmol). The reaction mixture was stirred 

for 24 hours at room temperature and poured into 500 mL NH4Cl in water. This was extracted 
with CH2Cl2 (3 x 300 mL) and the combined organic layers were washed with water (300 mL) 
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and brine (300 mL), dried over Na2SO4, filtered, and the solvent was removed under reduced 

pressure, yielding a red-brown solid. This solid was dissolved in CH2Cl2 and filtered over a plug 
of  silica  gel,  eluted with  CH2Cl2.  The obtained  1.10 g  orange solid  was further  purified  by 

column chromatography (silica  gel,  heptane/ CH2Cl2 4:1)  and recrystallization from hexane, 
resulting in 620 mg (1.80 mmol, 50%) white crystals.
1H NMR (400 MHz, CDCl3)  7.54-7.44 (m, 6H), 7.39 (d, J = 8.1, 2H), 1.30 (s, 9H). δ 13C NMR 
(100MHz,  CDCl3):   137.24,  133.52,  133.01,  131.63,  131.43,  123.21,  122.67,  121.96,  89.92,δ  

89.74, 46.51, 30.97. IR (KBr, cm-1): 2975, 2961, 2941, 2921, 2896, 2861, 2212, 1920, 1909, 1594, 
1492, 1459, 1396, 1362, 1166, 1068, 1008, 839, 829, 743, 521. HRMS (APCI) calculated for 

[M+H]+ 345.0307, found 345.0298. Calcd for C18H17BrS: C, 62.61; H, 4.96; S, 9.29. Found: C, 
62.47; H, 4.93; S, 9.27.

1-[(4-tert-butylthiophenyl)ethynyl]-4-(phenylethynyl)-benzene (StBu-OPE3)

To  a  suspension  of  3.2 (518  mg,  1.50  mmol), 
dichlorobis(triphenylphosphine)palladium(II)  (361  mg  ,  0.51 

mmol), and copper iodide (197 mg, 1.03 mmol) in THF (125 
mL) and diisopropylamine (25 mL) was added phenyl acetylene (645 mg, 6.32 mmol).  The 

reaction mixture was refluxed for 27 hours, concentrated en redissolved in 200 mL CH2Cl2. This 
solution was washed with water (3 x 200 mL) and brine (200 mL), dried over Na2SO4, filtered, 

and the solvent was removed under reduced pressure. The resulting black solid was purified by  
column chromatography (silica gel,  CH2Cl2,  and heptane/ CH2Cl2 4:1, gradually changing to 

1:1). The 588 mg obtained solid was recrystallized from diethyl ether, resulting in 441 mg (1.20 
mmol, 80%) of  the title compound as white needles.
1H NMR (400 MHz,CDCl3):  7.58-7.43 (m, 10H), 7.40-7.32 (m, 3H), 1.31 (s, 9H). δ 13C NMR (75 
MHz,CDCl3):   137.23,  133.50,  131.61,  131.54  (multiple  signals),  128.48,  128.39,  123.37,δ  

123.30, 122.98, 122.82, 91.35, 90.66, 90.57, 89.04, 46.53, 30.99. IR (KBr, cm -1):  2981, 2963, 
2938, 2922, 2896, 2861, 2213, 1923, 1676, 1513, 1363, 1168, 836, 757, 692, 526. HRMS (APCI) 

calculated for [M+H]+ 367.1515, found 367.1507. Calcd for C26H22S: C, 85.20; H, 6.05; S, 8.75. 
Found: C, 85.29; H, 6.02; S, 8.78.

1-[(4-acetylthiophenyl)ethynyl]-4-[(phenyl)ethynyl]benzene (SAc-OPE3)

StBu-OPE3 (88  mg,  0.24  mmol)  was  dissolved  in  18  mL 
chloroform/toluene  (1:1)  and  acetyl  chloride  (2  mL)  was 

added. BBr3 (1M in CH2Cl2, 4 mL, 4 mmol) was added slowly 
and the reaction mixture was stirred for 3 hours and poured into 200 mL ice water. After stirring 

for 1 hour, this was extracted with  CH2Cl2 (3 x 150 mL), dried over Na2SO4, filtered, and all 
volatiles were removed. The crude product was purified by column chromatography (silica gel, 

CH2Cl2/heptane, 1:1) yielding 74 mg (0.21 mmol, 88%) of  the title compound as a yellowish 
solid.
1H NMR (500 MHz, CDCl3)  7.58-7.53 (m, 4H), 7.52 (s, 4H), 7.41 (d, J = 8.4, 2H), 7.39 – 7.34δ  
(m, 3H), 2.44 (s, 3H).  13C NMR (125 MHz, CDCl3)  193.40, 134.23, 132.16, 131.62, 131.60,δ  

131.55,  128.49,  128.38,  128.25,  124.28,  123.41,  122.96,  122.66,  91.40,  90.73,  90.40,  89.02,  
30.30. IR (cm-1): 2921, 2852, 2214, 1695, 1505, 1440, 1395, 1353, 1177, 1127, 1104, 1069, 1014, 

939, 838, 827, 755, 691. HRMS (APCI) calculated for [M+H]+ 353.0995, found 353.0983. Calcd 
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for C24H16OS: C, 81.79; H, 4.58; S, 9.10. Found: C, 80.29; H, 4.76; S, 8.69.

3.8.2 Preparation of the Substrates, SAMs, and Devices.

Substrates

Freshly cleaved mica was heated for 16 h at 375˚C in the vacuum chamber (10 -6-10-7 mbar) of  a 

custom-made thermal evaporator. 150 nm Au was evaporated at 0.05 nms -1 (30 s), 0.5 nms-1 (30 
s), and then at 0.9 nms-1 until a thickness of  150 nm is reached. The substrates were heated for 

one more hour after the deposition, then gradually cooled to room temperature over six hours,  
taken  from  the  vacuum  chamber,  cut  into  pieces,  and  transferred  into  the  glove  box  for 

immersion in a thiolate solution. 
For the electrochemical measurements commercial 1 inch glass disks coated with 200 nm Au 

were used (Ssens BV, Hengelo). These were cleaned with acidic Piranha (1 part 30% H 2O2 added 
to 3 parts 98% H2SO4; CAUTION DANGEROUS), rinsed with water and ethanol, and dried 

with a nitrogen flow a prior to use.

Preparation of solutions and formation of SAMs

All solutions and SAMs were prepared inside a glovebox filled with nitrogen (<5 ppm O 2). THF 

was used as  solvent  in  all  reported  experiments.  Solutions  of  diSAc-OPE4 were  stirred and 
heated to 50°C, and filtered through a 1 m PTFE syringe filter by gravity prior to monolayerμ  

growth. Samples were immersed upside down in the solution of  diSAc-OPE4. After the given 
immersion time, samples were taken from solution and immersed three times in vials with clean 

THF, after which the samples were dried in the glovebox or with a nitrogen pistol.

Large-Area Molecular Junctions

The Large Area Molecular Junctions were fabricated and measured by Tom Geuns and Paul van 

Hal  at  Philips  Research  Laboratories  in  Eindhoven,  as  described  by  van  Hal  et  al.,66 using 
MA1407 photoresist. SAMs were grown by immersion in 0.5 mM solutions in THF with Et3N 

(for the acetyl protected compounds) for two days. The SAM of  OPE4-DT was grown from a 
filtered 0.1 mM solution.

Electrochemistry

Electrochemical measurements were performed at the University of  Twente with an Autolab 
PGSTAT10 in a three-electrode liquid cell,  with the gold working electrode mounted  at  the 

bottom of  the cell (area as defined by an O-ring is 0.44 cm2), a platinum disk counter electrode, 
and  a  Hg/HgSO4 reference  electrode  (+0.64V  vs  SHE).  Capacitance  measurements  were 

performed in 0.1M K2SO4 in water at 50, 100, 200, 300, and 500 mV/s. The average between 
positive and negative current at -0.25V was determined from the fifth scan and plotted versus the 

scan speed. The slope of  this plot gives the capacitance. The packing density of  the SAMs was 
studied in solution of  50 M FeKμ 3(CN)6 and 50 M FeKμ 4(CN)6 as redox couple in 0.1M K2SO4 

in water by cyclic voltammetry at 100 mV/s.
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3.8.3 Ellipsometry
We determined the thicknesses of  our SAMs by spectroscopic ellipsometry: a beam of  linearly 
polarized light hits the surface with the SAM and is reflected. The polarization of  this reflected 

beam is changed by the surface with the SAM and this change is measured by the analyzer as the 
amplitude  ratio  (Ψ)  and  the  phase  difference  (Δ)  between  the  s-  and  p-components  of  the 

polarized signal. Especially the phase difference is highly sensitive for the thickness of  thin films.  
We acquired the ellipsometry measurements on a V-Vase Rotating Analyzer Ellipsometer from J. 

A. Woollam Co., Inc. in air. Ψ and Δ were measured from 300-800 nm with an interval of  10 nm 
at 65, 70, and 75º angle of  incidence. 

The thickness of  a SAM can be obtained from a fit. This fit requires the optical constants for the 
refractive index (index n and extinction coefficient k) as input. For every set of  experiments we 

measured  a  fresh gold-on-mica  sample  at  three  or  four  different  spots.  The data  from these 
measurements were merged and the optical constants of  our gold layer were fitted (the 150 nm 

thick gold layer can be considered as infinite).  We made a two-layer model for the fit  of  the 
measurements on the SAMs: a gold layer (with the optical constants as determined), with on top 

a cauchy layer. Since we did not know the optical constants, we choose to use the values of  
n=1.551,11 and  k=0  at  all  wavelengths  (i.e. cauchy  parameter  A=1.55,  B=C=0)  and  fit  the 

thickness. For every SAM we measured three different spots and reported the thicknesses as the 
average with the standard deviation as the error bar.

3.8.4 XPS
XPS measurements were performed on a X-PROBE Surface Science Laboratories photoelectron 

spectrometer with a Al K  X-ray source (1486.6 eV) and a takeoff  angle of  37º. We accumulatedα  
20 scans for S2p, 10 for C1s, 10 for O1s, 15 for N1s, and 5 for Au4f. All reported data are 

averaged over four different spots per sample. WinSpec74 was used to fit the recorded data with a 
background and minimum number of  mixed Gaussian-Lorentzian singlets (C1s, N1s, O1s) or 

doublets (Au4f; =3.67 eV, S2p; =1.18 eV) with a width of  1.21 eV.Δ Δ
We  have  determined  the  thicknesses  of  the  SAMs  from  our  XPS  results  by  two  different 

methods:  A)  from  the  ratio  between  the  carbon  and  the  gold  signals75 and  B)  from  the 
attenuation of  the gold signals:76

Method A

Thicknesses of  the SAMs (dCS) are determined from the ratio of  the areas of  C1s and Au4f  peaks 
by equation (1)  with λAu = 31 Å,  λC = 27 Å,  dC  = dCS -  1.8 Å (dC is  the  thickness  of  the 

hydrocarbon layer without the thiolate); k is estimated to be 0.15 from XPS measurements on a 
SAM of  undecanethiol on gold.

I C

I Au
=k

1−exp −d C /C 
exp −d CS /Au

(1)

We determined dCS from IC/IAu by an iterative numerical approach. We should note that equation 

(1) is valid for carbon-based thiols on gold (i.e. CxHyS-Au). Heteroatoms (N, O, and S not bound 
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to  Au) that  are present  in  the SAM do not contribute to the intensity  of  the  carbon signal 

(although  they  contribute  to  the  attenuation  of  the  gold  intensity),  so  that  slightly  smaller 
thicknesses are expected to be found when heteroatoms are present.

Method B

Thicknesses (d) are determined from the attenuation of  the Au4f  signal by equation (2) with Au0 

= 109754,  = 42 Å, and  = 37°.λ θ

I Au=I Au0 exp −d / sin (2)

Here we should note that in the set-up that we used the absolute intensities (or areas) of  the XPS 

signals depend on the alignment of  the sample in the XSP chamber and the intensity of  the X-
ray beam. This is probably why some values calculated by this method differ significantly from 

those  obtained  by  ellipsometry  and  those  obtained  from  equation  (1).  For  this  reason  we 
consider the values obtained from the ratio between carbon and gold (method A) to be more  

reliable, even though we cannot correct for the presence of  heteroatoms there.

Table 3.2 Thicknesses of SAMs: results from X-ray Photoelectron Spectroscopy Measurements.

Molecule Conditions Measured 
Area

 Thicknesses of the SAMs (Å)

0.4 - 0.6 mM OPE in THF Au4f C1s Ellipsometry
XPS 

Method A
XPS 

Method B

diSAc-OPE3 no base, 70 h 65020 1016 13.3 13.1 13.2
diSAc-OPE3 15% Et3N, 46 h 54227 1257 19.7 17.5 17.8
diSAc-OPE3 3 mM Bu4NOH, 40 min 60156 633 4.7 9.8 15.2
diSAc-OPE3 (1) no base, 70h

(2) 20 mM Bu4NOH, 80 sec
39315 860 not 

determined
16.7 25.9

diSAc-OPE3 (1) 15% Et3N, 49 h
(2) 20 mM Bu4NOH, 7 min

29010 696 17.9 17.9 33.6

benzene 
monothiol

no base, 42 h 96131 504 4.3 6.0 3.4

SAc-OPE2 13% Et3N, 42 h 76036 1107 11.3 12.4 9.3

SAc-OPE3 13% Et3N, 42 h 57315 1679 20.5 20.7 16.4
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