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Abstract 

The more than century old copper metal catalyzed Ullmann coupling reaction of aryl halides 

has seen renewed interest from the nanoscience community as a means to perform on-surface 

C–C coupling based self-assembly of extended 2D structures. Furthermore, recent experiments 

have revealed that Ullmann coupling is not a direct process, rather it proceeds via an 

organometallic intermediate comprised of a removed Cu surface atom that coordinates two 

phenyl groups. We have undertaken a low-temperature scanning tunneling microscopy study 

to investigate the interaction and ordering of the surface-bound reactants, organometallic 

intermediates, and products and found that these species all self-assemble into dense 2D islands 

that mimic the high surface coverages expected during typical Ullmann coupling reaction 

conditions. By comparing and contrasting a series of substituted bromobenzene reactants we 

found that the 2D packing density and structure depend strongly on the functionality of the 

substituents. Furthermore, our calculations of the charge distribution in the intermediates and 

products explain the observed packing structures of the highly ordered 2D phases. This study 

provides atomic-scale snapshots of the catalytic surface of this important reaction and can guide 

further model studies of the molecular scale mechanism of the Ullmann coupling reaction.  

1. Introduction 

The Ullmann coupling reaction is a classic metal-catalyzed synthetic method for forming C−C 

bonds where two aryl halides are coupled over a copper catalyst to form a biaryl molecule.1,2 

The original Ullmann reaction traditionally required stoichiometric amounts of copper and aryl 

halides in order to proceed. However, modern iterations of the reaction have found that 

catalytic amounts of copper bound ligands and a wide range of copper species can be used to 

promote the reaction.3–23 Unlike other metal-mediated reactions, the Ullmann mechanism is 

not as fully understood despite its widespread study and application. This is due its 

unpredictable selectivity coupled with its sensitivity to functional groups and the need for 

extreme reaction conditions.24–28 

Through the use of surface techniques, such as scanning tunneling electron microscopy 

(STM), the formation and surface diffusion of Ullmann coupling intermediates have been 

studied by tracking the reaction from the starting aryl reagents, through the intermediates and 

the final biaryl products and this mechanism is summarized schematically in Figure 1.29–42 On 

a Cu(111) surface, Ullmann coupling intermediates do spontaneously self-assemble into 2D 

crystals and these assemblies have demonstrated interesting properties ranging from a diversity 

of domain types to molecular scale machines.43–48 Due to current limitations in 2D crystal 

engineering, it is not yet possible to a priori predict the relationships between the molecular 

structure of the aryl halide precursor and the crystal packing of the intermediate and final biaryl 

product; oftentimes slight changes in the starting reagent result in a huge impact on the packing 

structures of the intermediate and product. One of the key features of the Ullmann coupling 
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reaction on a copper surface is that in the intermediate stage the aryls to be coupled are bonded 

to a copper atom that is removed from the surface (Figure 1, middle panel).37,42,49,50 Compared 

to the biaryl product, the intermediates are slightly larger and pack quite differently as this 

manuscript will show. 

 

Figure 1: Schematic of the Ullmann coupling reaction of an aryl halide on Cu(111). 

In this study, four different Ullmann coupling reactions are compared through their 

respective intermediates and products (Table 1). Such a comparative study has not yet been 

done and should serve as a guide in predicting Ullmann coupling formation behaviors. 1-

Bromo-4-ethylbenzene is used as a control due to how extensive the intermediates have been 

studied in the past; they behave as altitudinal rotors and lack other features beyond the ethyl-

tail.45 By simply adding a fluorine atom on the ortho position with respect to the ethyl tail or 

changing the ethyl tail itself to a 1,1,1-trifluoroethyl group or a methoxy, these three reactants 

all yield quite distinct structures as one follows the various stages of the Ullmann coupling 

reaction. In this manuscript, the Ullmann intermediates and products for comparison are listed 

below in Table 1, for brevity each of their names have been assigned to either an Ix or Px label. 

Table 1: Structures of the Ullmann coupling intermediates and products for comparison, each intermediate or 

product has been assigned to an Ix or a Px name, respectively. 

 

2. Experimental Methods 

All low-temperature STM (LT-STM) experiments were performed in an Omicron 

Nanotechnology GmbH low-temperature microscope, operating under a base pressure of <1 × 

10-11 mbar. The MaTecK Cu(111) single crystal was cleaned with multiple cycles of Ar+ 

sputtering and 1000 K annealing. Prior to deposition of molecules the cleanliness of the crystal 
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was determined by STM. Etched W tips were used to record all STM images. 1-Bromo-4-

ethylbenzene (99.9%), 4-bromo-1-ethyl-2-fluorobenzene (>95%) and 1-bromo-4-

methoxybenzene (99%) were degassed by multiple freeze/pump/thaw cycles.  1-bromo-4-

(2,2,2-trifluoroethyl)benzene (97%) was a solid thus it did not need to undergo 

freeze/pump/thaw cycles . The precursor molecules were vapor deposited on to a Cu(111) 

sample held at 5 K through a collimated molecular doser attached to a precision leak valve. 

Anneals from 5 K were performed in order to equilibrate the deposited molecular ensembles 

and to induce reaction by removing the sample from the cryogenically cooled stage of the STM 

and placing it into a sample holder held at room temperature in the UHV chamber for a 

predetermined length of time. All anneals above 300 K were performed using a resistively 

heated sample stage. The crystal was then cooled back to 5 K by putting it back into the STM 

stage for imaging.  

3. Calculation Methods 

The calculations were performed with the B3LYP functional and the 6-311+G(d,p) basis set 

using the Gaussian 09 Software,51 with integration grid set to “ultrafine”. The gas-phase 

energies of the four reactants with Br replaced by H, R1, R2, R3, R4 (Table S1) were scanned 

with a step size of 1° rotating around the C sp3−C sp2 bond (for R1, R2 and R3) or O−C sp2 

bond (for R4). The gas-phase energies of the products P1, P2, P3, P4 (Table 1) were scanned 

with a step size of 30° rotating around the two C sp3−C sp2 bonds for P1, P2, P3 or around the 

two O−C sp2 bonds for P4 (dihedrals d1 and d3, defined in Table S3 and Table S5) and the C 

sp2−C sp2 bond connecting the two benzene rings (dihedral d2, defined in Table S3 and Table 

S5). The conformations at potential energy minima were used as the initial structures for further 

optimization. Because of the interaction between the product molecules and the Cu surface, the 

biphenyl ring likely lies flat on the surface. Therefore, we also performed calculations where 

we fixed d2 in the conformation where the two benzene rings lie on the same plane. The dipoles 

and quadrupoles of the optimized molecules were derived using the partial charges calculated 

according to the Merz-Singh-Kollman scheme.52 

4. Results and Discussion 

The progression of each Ullmann coupling reaction was tracked from the intact precursor 

molecules, through the intermediates (Ix), to the biphenyl products (Px) as seen in Figures 2 

and 3. In Figure 2 the conversion of 1-bromo-4-ethylbenzene → I1 → P1 and 4-bromo-1-ethyl-

2-fluorobenzene → I2 → P2 were tracked. Upon deposition onto the Cu sample held at 5 K and 

annealing to 80 K, the intact 1-bromo-4-ethylbenzene molecules cluster in small groups of six 

molecules (Figure 2AI). Annealing the sample to 220 K leads to C–Br bond cleavage and 

formation of the organometallic intermediate structure I1, followed by cooling to 5 K for 

imaging the structures (Figure 2AII). Further annealing the sample to 346 K yields the final 

product P1 (Figure 2AIII). In the case of 4-bromo-1-ethyl-2-fluorobenzene, dosing onto the 

Cu sample held at 5 K and annealing to 80 K yields larger disordered structures of the intact 

molecule (Figure 2BI). Annealing the sample to 220 K yields the organometallic intermediate 

structure I2, followed by cooling to 5 K for imaging (Figure 2BII). Further annealing the 

sample to 380 K yields the final product P2 (Figure 2BIII).  
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Figure 2: Schematics and accompanying STM images of the Ullmann coupling reaction of various aryl halides 

on Cu(111). A. 1-Bromo-4-ethylbenzene → I1 → P1. B. 4-Bromo-1-ethyl-2-fluorobenzene → I2 →  P2. Imaging 

Conditions: A. I. 50 mV, 10 pA; II. −10 mV, 10 pA; III. −10 mV, 50 pA. B. I. 50 mV 10 pA; II. 10 mV 100 pA; 

III. 10 mV, 100 pA. Scale bars: 2 nm. 

 In Figure 3, the conversion of 1-bromo-4-(2,2,2-trifluoroethyl)benzene to 1-ethyl-4-

(4-ethyl-3-fluorophenyl)-2-fluorobenzene and 1-bromo-4-methoxybenzene to 4,4'-

dimethoxybiphenyl were tracked. Since 1-bromo-4-(2,2,2-trifluoroethyl)benzene is a solid and 

required deposition in the preparation chamber on the room temperature, sample imaging the 

intact precursor molecules was not possible. Annealing the sample to 220 K forms the 

intermediate structure I3 followed by further cooling to 80 K for imaging (Figure 3AI). Further 

annealing the sample to 400 K yields the final product P3 (Figure 3AII). When 1-bromo-4-

methoxybenzene was deposited upon the Cu sample and annealed to 120 K, the formation of 

long range ordered arrays consisting of a trio of molecules were observed (Figure 3BI). 

Annealing the sample to 220 K formed the intermediate structure I4, followed by further 

cooling to 5 K for imaging (Figure 3BII). Annealing the sample further to 400 K yields the 

final product P4 (Figure 3BIII). 
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Figure 3: Schematics and accompanying STM images of the Ullmann coupling reaction of various aryl halides 

on Cu(111). A. 1-Bromo-4-(2,2,2-trifluoroethyl)benzene → I3 →  P3. B. 1-Bromo-4-methoxybenzene → I4 →  

P4. Imaging Conditions: A. I. 100 mV 50 pA; II. 200 mV, 200 pA. B. I. 50 mV, 100 pA; II. 100 mV, 50 pA; III. 

200 mV, 200 pA. Scale bars: 2 nm. 

Comparing the organometallic intermediates of the four Ullmann coupling reactions 

observed, it is noticeable that they all form highly ordered arrays, as shown in Figure 4. In 

Figure 4A, it is observed that I1 has a parallelogram unit cell with dimensions of 3√3 × √19. It 

has an open brick wall motif. It can be seen in Figure 4B that although I2 has an almost identical 

molecular structure to I1 (only differing in having a fluorine in the ortho position with respect 

to the ethyl tail), the structure of the intermediate overlayer is very different. Its unit cell is a 4 

× 2√31 parallelogram which is significantly larger and differently arranged compared to I1. 

Figure 4C shows that I3 has a rectangular unit cell with dimensions of 4√3 × 7. The very 

different manner in how the molecules are orientated (Figure 4C) appears to imply significant 

electrostatic interactions, which makes sense considering the presence of highly polar 

−CH2CF3 tails. In the case of I4 in Figures 4D, a rectangular unit cell structure was observed 

with 4 × 3√3 dimensions.  
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Figure 4: STM images of the four Ullmann coupling intermediate domains and their associated model schematics 

on Cu(111). The black molecules in the schematic are the Ullmann coupling intermediates and bromine atoms are 

indicated in purple. Unit cells are highlighted with red lines. A. I1 on Cu(111). Inset: close-up of the domain with 

the unit cell overlaid in red. Below: model schematic of the unit cell of I1 on Cu(111), its dimensions are 3√3 × 

√19. B. I2 on Cu(111). Inset: close-up of the domain with the unit cell overlaid in red. Below: model schematic of 

the unit cell I2 on Cu(111), its dimensions are 4 × 2√31. C. I3 on Cu(111). Inset: close-up of the domain with the 

unit cell overlaid in red. Below: model schematic of the unit cell of I3 on Cu(111), its dimensions are 4√3 × 7. D. 

I4 on Cu(111). Inset: close-up of the domain with the unit cell overlaid in red. Below: model schematic of the unit 

cell of I4 on Cu(111), its dimensions are 4 × 3√3. Scanning conditions:  A. 200 mV, 200 pA; B. −10 mV, 100 pA; 

C. −50 mV, 50 pA; D. 200 mV, 100 pA. Scale bars: 4 nm, inset scale bars: 1 nm. 

Comparing the four Ullmann coupling products, we observe that they also have very 

distinct domains. In Figure 5A, P1 packs in an open-brick wall motif. On closer inspection the 

individual molecules are ordered side-by-side in pairs at the tail end of the molecules with a 

unit cell of √21 × 4 dimensions. In the case P2, the precursor only differs from ethylbenzene 

by one fluorine atom in the ortho position with respect to the ethyl tail. As seen in Figure 5B, 

the arrangement of the P2 molecules share the same open-brick wall motif as that of P1 and 

they share the same unit cell dimensions. It is also noticeable that in the spaces between four 

P2 molecules there are at times the circular features, bromine atoms that were cleaved from the 

aryl species during the copper catalyzed Ullmann reaction, which lead to slight perturbations 

in the spacing between molecules. Although the bromine atoms are observed in some of the 

spaces, it is not regular or periodic and hence is not depicted as part of the proposed P2 unit 

cell.  
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Figure 5: STM images of Ullmann coupling product domains and their associated model schematics on Cu(111). 

The dark blue molecules in the schematic are the Ullmann coupling domain products and bromine atoms are 

indicated in purple. Unit cells are highlighted with red lines. A. P1 on Cu(111). Inset: close-up of the domain with 

the unit cell overlaid in red. Below: model schematic of the unit cell of P1 on Cu(111), its dimensions are √21 × 

4. B. P2 on Cu(111). Inset: close-up of the domain with the unit cell overlaid in red. The circular features are the 

dissociated Br atoms. Below: model schematic of the unit cell P2 on Cu(111), its dimensions are 4 × √21. C. P3 

on Cu(111). Inset: close-up of the domain with the unit cell overlaid in red. Below: model schematic of the unit 

cell of P3 on Cu(111), its dimensions are √13 × 2√13. D. P4 on Cu(111). Inset: close-up of the P4 domain, the 1D 

crystal is indicated in red lines. Below: Model schematic of the P4 domains, the 1D crystal is indicated with dotted 

lines. Scanning conditions:  A. −10 mV, 50 pA. Scale bar: 2 nm, inset scale bar: 1 nm; B. 10 mV, 100 pA. Scale 

bar: 2 nm, inset scale bar: 1 nm; C. 30 mV, 50 pA. Scale bar: 5 nm, inset scale bar: 2 nm; D. 200 mV, 200 pA. 

Scale bar: 5 nm, inset scale bar: 1 nm. 

In the case of P3, the ordered domains are different to P1 and P2 and have a herringbone 

packing structure. The unit cell has √13 × 2√13 dimensions. The molecules are packed close 

together in a manner that suggests the presence of strong electrostatic effects between the 

−CH2CF3 tails and the phenyl groups of adjacent molecules.53–55 The structure of P4 is unique 

in that it does not have a true periodic crystalline structure. There is, however, a high degree of 

ordering in one dimension as shown in Figure 5D, where the 1D rows consist exclusively of 

just one of the surface-bound stereoisomers of the Ullmann product. Specifically, the 

diastereomers are cis, where both methoxy tails face in the same direction or trans, where the 

methoxy tails are pointed in opposing directions. As can be seen in Figure 6B, in which each 

of the unique surface-bound isomers is color coded, the 1D rows consist of just one isomer, 

except in areas where a defect is present. On closer inspection one sees that there is in fact 

cooperativity between the 1D rows in terms of the position of the methoxy tails. Specifically, 

every pair of adjacent molecules has their methoxy side groups pointing in opposite directions. 

We will return to this point later the in paper. 
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Figure 6: A. STM image of a domain of P4. B. STM image of the domain in A with the 

stereoisomers labelled with respect to the orientation of the methoxy tails. Inset: close-up of 

the rows. Scanning conditions: 200 mV, 200 pA. Scale bars: 5 nm. Inset scale bar: 2 nm. 

After collecting and characterizing the ordered arrays of organometallic intermediates 

and products we next compared and contrasted the packing density of the arrays. Considering 

the size of the unit cell and the number of molecules in each unit cell we arrive at the packing 

density, σ, defined as the number of intermediate/product molecules per unit area as shown in 

Table 2. What is noticeable is that σ increases for the product molecules with respect to their 

organometallic intermediates, which is consistent with the intermediates being larger than the 

products due to the Cu adatom at the center of the intermediates. Interestingly, the outliers in 

Table 2 (intermediate I3 and its product P3) exhibit significantly higher packing density which 

is consistent with their highly polar −CH2CF3 tails that leads to their dense packing. In contrast, 

species I1, I2, P1, and P2 exhibit an open brick pattern with considerably lower packing density.  

Table 2: Comparison of the area of unit cells and packing density (σ) of the Ullmann coupling intermediates 

(Ix) and their respective products (Px). The areas and packing densities are calculated from the models shown in 

Figures 4 and 5. 
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To further understand the relationship between the properties of the molecules 

themselves and the packing structure of the 2D domains, DFT calculations were performed for 

R1–R4 and P1–P4 (Table S1) and electrostatic maps were produced as well (Figures 7 and 8; 

refer to SI for more detail). Our DFT calculations confirmed that the −CH2CH3/−CH2CF3 tails 

of intermediates and products 1, 2 and 3 are most stable when oriented perpendicular to the 

phenyl ring while the methoxy tail of I4 and P4 are most stable when in plane with the phenyl 

ring (Figure S1).43–45 In Figure 7A, the I1 species has relatively small charges and based on 

the orientation of the organometallic intermediates there does not seem to be a significant 

relationship between any local dipoles and its packing structure. However, in Figure 7B, the 

orientation of the I2 organometallic intermediates appear to suggest a relationship as the highly 

electronegative fluorine groups which are aligned with the hydrogens on the phenyl rings of 

adjacent intermediates. We hypothesize that this favorable electrostatic interaction leads to the 

lower packing density of I2, relative to I1. 

 

Figure 7 STM images of Ullmann coupling intermediate domains and their associated model schematics on 

Cu(111). The schematics are made using the DFT generated electrostatic maps for R1–R4, combined to make an 

intermediate molecule and then overlaid over a Cu(111) surface. A. I1 on Cu(111), its monomer has a calculated 

0.3905 D dipole and (
2.2784 0.0019 1.6442

∗ 2.6310 −0.0063
∗ ∗ −4.9093

) D∙Å quadrupole (Table S2); B. I2 on Cu(111), its monomer 

has a calculated 1.4109 D dipole and (
3.9317 2.1130 1.5039

∗ −0.2052 0.9122
∗ ∗ −3.7265

) D∙Å quadrupole (Table S2); C. I3 on 

Cu(111), its monomer has a calculated 2.6117 D dipole and (
−1.7882 0.0023 −4.3903

∗ 3.9368 −0.0008
∗ ∗ −2.1486

) D∙Å quadrupole 

(Table S2); D. I4 on Cu(111), its monomer has a calculated 1.3964 D dipole and 
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(
4.9550 3.1454 0.0000

∗ 0.9094 0.0000
∗ ∗ −5.8644

) D∙Å quadrupole (Table S2). Scanning conditions:  A. 200 mV, 200 pA; B. −10 

mV, 100 pA; C. − 50 mV, 50 pA; D. 200 mV, 100 pA. Scale bars: 2 nm. 

In Figure 7C, the dense packing in the I3 unit cell indicates strong electrostatic 

interactions between the −CH2CF3 tails and the hydrogens on the phenyl ring of the adjacent 

organometallic intermediate. It is presumably these electrostatic interactions that drive the very 

different ordering of I3 species from the open brick structure observed for the other 

organometallic intermediates in this study. Instead, I3 has a dense tail-side packing that 

maximizes these interactions.   

In Figure 7D, the relationship is very similar to that of I2 except in this case the −OCH3 

is the highly electronegative species. Due to this property, the orientation of the trans isomer 

is clearly explainable. The electrostatic map shows the highly electronegative oxygen in the 

−OCH3 tail lies complimentary with the methyl moiety on the adjacent molecule’s −OCH3 tail. 

However, since the proximity of the oxygen is relatively close there is some electrostatic 

repulsion with the oxygen of the OCH3 tail of the adjacent molecule. Such repulsion may also 

help explain the relatively low packing density within the unit cell. 

When looking at the product species in Figure 8, we can see that the relationship 

between the charge distribution on the product molecules and their packing structure is clearer 

and many of the traits observed for the intermediates are also found for the products. 

Specifically, in Figure 8A, P1 shows the same lack of relationship between the small local 

charges on the molecule and its 2D domain formation. Again, a low-density open brick like 

packing is observed.  
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Figure 8: STM images of Ullmann coupling products and their associated model schematics on Cu(111). The 

schematics are made using the DFT generated electrostatic maps and then overlaid over a Cu(111) surface. A. P1 

on Cu(111), configuration 2 (Table S5) has a calculated 0.1184 D dipole and (
7.9456 0.0003 0.0000

∗ 3.5092 −0.0005
∗ ∗ −11.4548

) 

D∙Å quadrupole; B. P2 on Cu(111), configuration 1 (Table S5) has a calculated 0.000 D dipole 

and (
5.1436 −12.8970 1.0805

∗ 0.7870 −1.5277
∗ ∗ −5.9305

) D∙Å quadrupole; C. P3 on Cu(111), configuration 1 (Table S5) has a 

calculated 0.000 D dipole and (
−21.4441 0.0383 22.3405

∗ 17.0519 −0.0035
∗ ∗ 4.3922

) D∙Å quadrupole; D. P4 on Cu(111), the cis 

diastereomer has a calculated 2.5576 D dipole and (
10.6788 0.0001 0.0001

∗ 2.4458 0.0000
∗ ∗ −13.1246

) D∙Å quadrupole, while the 

trans diastereomer has a calculated 0.0004 D dipole and (
12.9502 14.7918 0.0002

∗ 0.4694 0.0000
∗ ∗ −13.4197

) D∙Å quadrupole 

(Table S5). Scanning conditions:  A. −10 mV, 50 pA; B. 10 mV, 100 pA; C. 30 mV, 50 pA; D. 200 mV, 200 pA. 

Scale bars: 2 nm. 

In Figure 8B, one can see that there is a higher degree of local charging of the F atom on 

the phenyl ring and that the packing structure leads to favorable interactions between the F on 

the phenyl ring and the −CH2CH3 tail of an adjacent molecule. However, as seen in Table 2, 

the packing densities of P1 and P2 are the same. This may be a compensation effect whereby 

the larger fluorinated molecule P2 packs just as densely as its non-fluorinated counterpart P1 

despite its larger size due to the fluorine atom because of the favorable interactions between 

the F atom on the phenyl ring and the −CH2CH3 tail of an adjacent molecule. In Figure 8C, it 

can be seen that P3 is an outlier in that it forms dense structures, similar to its organometallic 

intermediate I3. Specifically, for P3, the −CH2CF3 tails are oriented towards the hydrogens on 

the adjacent molecule’s phenyl ring. In Figure 8D, the charge distribution of P4 matches well 

with the details of its packing structure as seen in Figure 6 in that the highly electronegative 

oxygen of the −OCH3 tail is oriented towards the methyl group of the adjacent molecule’s 

−OCH3 tail resulting in molecules in the 1D rows being all cis or all trans and also 

complementary stacking of the methoxy groups of adjacent molecules between the rows. Given 

that this complementarity between 1D rows can be achieved with either an appropriately 

orientated cis or trans molecule in the adjacent row, the structure does not need to be truly 

periodic in 2D.  

5. Conclusions  

By performing a comparative study of four different, but related, aryl bromides in the Cu-

catalyzed Ullmann coupling reaction, and tracking the course of the reaction through its 

organometallic intermediate and product stages, we have been able to elucidate and understand 

how the structure, and specifically the charge distribution, of the molecules affects their local 

packing structure on the Cu(111) surface. We observe that the packing density of the 

intermediates is generally lower than the products because all intermediates of the Ullmann 

coupling reaction involve a Cu atom that elongates their structures. With the exception of the 

highly polar I3 and P3 species, all intermediates and products pack in an open brick like 

structure. For the case of I2/I4 and P2/P4, the open brick structure enables favorable electrostatic 

interactions between polar parts of the molecules. The highly polar I3 and P3 species pack in 

their own unique structures that enable favorable electrostatic interactions and are more densely 

packed than the others. Interestingly, for the case of P4, the molecules arrange in 1D rows of 

just one of the four different surface-bound isomers (cis/trans) of the product, but there is no 
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long range 2D ordering of these 1D rows. However, interaction of the polar methoxy tails of 

the P4 molecules in adjacent rows is complementarity, which leads to short adjacent row–row 

ordering but not long-range ordering. Together, these data demonstrate that highly ordered 

arrays of both organometallic intermediates and products are formed on the Cu surface during 

the Ullmann coupling reaction and that their structures and packing densities can be understood 

by considering the charge distribution on the molecules themselves.    
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