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Abstract 

 

Poly-p-phenylene wires are critically important as charge-transfer materials in 

photovoltaics. A comparative analysis of a series of poly-p-phenylene (RPPn) 

wires, capped with isoalkyl (iAPPn), alkoxy (ROPPn), and dialkylamino (R2NPPn) 

groups, shows unexpected evolution of oxidation potentials, i.e., decrease 

(−260 mV) for iAPPn, while increase for ROPPn (+100 mV) and R2NPPn (+350 

mV) with increasing number of p-phenylenes. Moreover, redox/optical 

properties and DFT calculations of R2NPPn/R2NPPn
+• further show that the 

symmetric bell-shaped hole distribution distorts and shifts toward one end of 

the molecule with only 4 p-phenylenes in R2NPPn
+•, while shifting of the hole 

occurs with 6 and 8 p-phenylenes in ROPPn
+• and iAPPn

+•, respectively. 

Availability of accurate experimental data on highly electron-rich 

dialkylamino-capped R2NPPn together with ROPPn and iAPPn allowed us to 

demonstrate, using our recently developed Marcus-based multistate model 

(MSM), that an increase of oxidation potentials in R2NPPn arises due to an 

interplay between the electronic coupling (Hab) and energy difference between 

the end-capped groups and bridging phenylenes (Δε). A comparison of the 

three series of RPPn with varied Δε further demonstrates that 

decrease/increase/no change in oxidation energies of RPPn can be predicted 

based on the energy gap Δε and coupling Hab, i.e., decrease if Δε < Hab (i.e., 
iAPPn), increase if Δε > Hab (i.e., R2NPPn), and minimal change if Δε ≈ Hab 

(i.e., ROPPn). MSM also reproduces the switching of the nature of electronic 

transition in higher homologues of R2NPPn
+• (n ≥ 4). These findings will aid in 

the development of improved models for charge-transfer dynamics in donor–

bridge–acceptor systems. 

  

https://dx.doi.org/10.1021/jacs.6b09209
http://epublications.marquette.edu/
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209
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Introduction 

Development of efficient π-conjugated molecular wires for long-

range charge transfer remains a highly sought goal for photovoltaics 

and molecular electronics applications.1-5 To this end, the identification 

of the parameters influencing charge delocalization in para-phenylene-

based molecular wires is critically important for the guided design of 

efficient charge-transfer materials for modern applications. Recently, 

we showed that a single positive charge (i.e., hole) in long (n > 7) 

poly-p-phenylene wires (PPn) delocalizes only onto seven p-phenylene 

units and lies in the center of the π-conjugated chain (Figure 1), owing 

to the interplay between the energetic gain from charge delocalization 

and concomitant energetic penalty from the structural/solvent 

reorganization.6 Furthermore, in end-capped poly-p-phenylene wires 

(RPPn) with electron-donating substituents (i.e., R = iA or RO), the 

hole is observed to gravitate toward one end of the molecule to make 

use of the electron-donating terminal units for hole stabilization 

(Figure 1). The observed displacement of the hole toward one end in 
RPPn and its consequences to the redox and optical properties were 

reproduced by a versatile Marcus-based multistate parabolic model 

(MPM), where energies of the substituted terminal units with respect 

to bridging p-phenylenes were lowered (by Δε), while the coupling 

(Hab) and the reorganization parameter λ were kept constant for all 
RPPn, where R = H, iA, RO (Figure 1, bottom).6 

https://dx.doi.org/10.1021/jacs.6b09209
http://epublications.marquette.edu/
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig1
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig1
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig1
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig1
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig1
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig1
javascript:void(0);
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Figure 1. Per-unit hole distribution in various poly-p-phenylene wires (as indicated) 
[B1LYP-40/6-31G(d)+PCM(CH2Cl2)] and the corresponding hole distribution bar plots 
reproduced by the MSM (bottom panel).6 

A curious finding of this work was that, while the oxidation 

potentials of isoalkyl-capped iAPPn showed an expected decrease with 

increasing number of p-phenylene units (n), the alkoxy-capped ROPPn 

showed a modest increase with n. In order to examine this further, in 

this study we investigate redox and optoelectronic properties of poly-

p-phenylene wires capped with highly electron-rich N,N-

diisopropylamino substituents (i.e., R2NPPn). A cursory examination of 
R2NPPn using our MPM with identical parameter Hab/λ and the one 

variable parameter Δε, which was significantly larger for R2NPPn 

(Figure 2) in comparison to other RPPn, indicated that the hole is 

shifted toward one end of the wire with just two bridging p-phenylene 

units (i.e., R2NPP4
+•). 

https://dx.doi.org/10.1021/jacs.6b09209
http://epublications.marquette.edu/
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig2
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig2
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Figure 2. Graphical depiction of the MSM applied to dialkylamino-capped poly-p-
phenylenes and comparison with other RPPn cation radicals. 

In order to provide a detailed picture of the critical role of the 

energy gap between the terminal and bridging p-phenylene units on 

the extent of hole distribution and evolution of oxidation energies,7-11 

we undertook the syntheses of a series of R2NPPn (n = 2–6) and model 

compounds tBu/R2NPPn (n = 2–4) containing N,N-diisopropylamino and 

tert-butyl groups at the opposite ends.5 The availability of this new 

series of poly-p-phenylene wires and the precise redox and optical 

data of their cation radicals and X-ray structures allow us to probe the 

extent of hole delocalization and evolution of their redox and optical 

properties in comparison with other RPPn wires. A DFT and MPM 

analysis of these experimental findings reveals that the energy gap 

between the terminal and bridging p-phenylene units in various RPPn 

controls the evolution of redox and optical properties. The details of 

these findings are discussed herein. 

Results and Discussion 

Synthesis of R2NPPn and Model tBu/R2NPPn 
 

Synthesis and study of a series of N,N-diisopropylamino-capped 
R2NPPn wires was undertaken instead of more readily available N,N-

diarylamino-capped wires because of the complications from significant 

hole delocalization on the additional aryl groups linked to nitrogens.9-18 

The diisopropylamino group was chosen as capping groups because 

the resulting R2NPPn wires underwent reversible electrochemical 

oxidation unlike dimethyl- or diethylamino-capped wires.19 An 

https://dx.doi.org/10.1021/jacs.6b09209
http://epublications.marquette.edu/
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
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oxidative coupling of N,N-diisopropylaniline readily afforded R2NPP2 

(see the Supporting Information for details). The synthesis of higher 

homologues (n = 3–5) was accomplished via efficient Suzuki 

coupling20,21 between 1-bromo-4-N,N-diisopropylaminobenzene and 

bis-boronic esters of benzene, biphenyl, and terphenyl, see Scheme 

1A. The synthesis of R2NPP6 is depicted in Scheme 1B, however its 

solubility was decreased rather sharply (<1 mg/10 mL in CH2Cl2), in 

line with our previous observation with higher homologues of other 
RPPn.6,22 The model compounds tBu/R2NPPn were similarly obtained as 

summarized in Scheme 1C. The structures of various R2NPPn and 

model tBu/R2NPPn were established by 1H/13C NMR spectroscopy and 

mass spectrometry and were further confirmed by X-ray 

crystallography of representative molecules (see Sections S6 and S7 in 

the Supporting Information). 

 
Scheme 1. Synthetic Schemes for the Preparation of R2NPPn and Model tBu/R2NPPn

a 

https://dx.doi.org/10.1021/jacs.6b09209
http://epublications.marquette.edu/
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#notes-1
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#sch1
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#sch1
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#sch1
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#sch1
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#sch1
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#sch1
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#sch1
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#notes-1
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aConditions: (a) TiCl4/CH2Cl2/22 °C/24 h; (b) NBS/DMF/-10 °C/40 min; (c) 

Pd(PPh3)4/DME/aq Na2CO3/reflux/12–18 h; (d) 
bis(pinacolato)boron/Pd(dppf)Cl2/dioxane/reflux/12–18 h. 

Electrochemistry 
 

The oxidation potentials of R2NPPn and model tBu/R2NPPn were 

measured by electrochemical oxidation at a platinum electrode of 2 

mM solutions in anhydrous CH2Cl2 containing 0.1 M tetra-n-

butylammonium hexafluoro-phosphate (n-Bu4NPF6) and were 

referenced to added 1,4-dimethoxy-2,5-dimethylbenzene (Eox = 0.66 V 

vs Fc/Fc+) as an internal standard.23,24 The voltammograms of R2NPPn 

and model compounds, which are all reversible, are compiled in Figure 

3. Interestingly, a comparison of the Eox1 values of R2NPPn, referenced 

to Fc/Fc+, showed an increase of ∼350 mV moving from n = 2 (Eox1 = 

−0.08 V) to 3 (Eox1 = 0.15 V) to 4 (Eox1 = 0.27 V), remaining constant 

for n = 5 and 6 (Figure 3, Table 1).25 In contrast, the oxidation 

potentials of model tBu/R2NPPn were invariant with an increasing 

number of p-phenylenes, and their Eox1 values (0.27 ± 0.02 V) were 

close to that of R2NPP4–6, which suggests that the extent of hole 

stabilization in R2NPPn
+• (n ≥ 4) and model tBu/R2NPPn

+• is similar. 

 
Figure 3. Cyclic (blue lines) and square-wave (red lines) voltammograms of 2 mM 
R2NPPn (left) and tBu/R2NPPn (right) in CH2Cl2 (0.1 M n-Bu4NPF6) at a scan rate of 200 

https://dx.doi.org/10.1021/jacs.6b09209
http://epublications.marquette.edu/
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig3
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig3
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig3
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig3
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig3
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#tbl1
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#tbl1
javascript:void(0);
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mV s–1 and 22 °C. The scale for measure of current (in μA) for each cyclic 
voltammogram is shown in blue color. 

Table 1. Compilation of Experimental Oxidation Potentials Eox1 (V vs Fc/Fc+), 

Absorption λmax (nm)/εmax (103 M–1cm–1) and Emission λem(nm) of R2NPPn and 
tBu/R2NPPn, and Absorption λmax (nm)/εmax(103 M–1cm–1) of R2NPPn

+• and 
tBu/R2NPPn

+• 

    RPPn RPPn
+• 

  n Eox1 λmax εmax λem λmax εmax 
R2NPPn 2 –0.084 329 26.6 393 1055 28.6 

3 0.152 342 42.1 414 1718 35.3 

4 0.268 348 37.5 446 840 13.5 

5 0.268 349 45.0 471 870 6.8 

6 0.268 347 –b 476 820 –b 

tBu/R2NPPn 2 0.252 312 18.5 373 713 18.9 

3 0.284 334 17.0 421 826 17.2 

4 0.270 343 21.0 456 880 14.6 
aThe UV–vis absorption and emission spectra of neutral compounds were recorded in 
CH2Cl2 at 22 °C; see Figures S1 and S2 in the Supporting Information. 
bOwing to the poor solubility of R2NPP6, its quantitative data could not be obtained 

(also see Figures S3, S4, and S8 in the Supporting Information). 

 

Generation and Electronic Spectroscopy of the Cation 

Radicals 
 

The relatively low oxidation potentials of R2NPPn and the model 

compounds allowed for ready generation of their cation radicals in 

solution by quantitative redox titration using a well-characterized 

aromatic cation radical THE+•SbCl6– (THE = 1,2,3,4,5,6,7,8-

octahydro-9,10-dimethoxy-1,4:5,8-dimethano-anthracene) as an 

oxidant (Ered1 = 0.67 V vs Fc/Fc+, λmax = 518 nm, εmax = 7300 cm–1 M–

1).26 For example, Figure 4A compiles the electronic spectra obtained 

by an incremental (substoichiometric) addition of a CH2Cl2 solution of 
tBu/R2NPP2 to a solution of THE+•SbCl6–, which showed a complete 

consumption of the oxidant and formation of tBu/R2NPP2
+• after the 

addition of 1 equiv of tBu/R2NPP2. A careful quantification at each 

titration point by a recently described deconvolution procedure12,27 

further established a 1:1 stoichiometry of the redox reaction, i.e., 
tBu/R2NPP2 + THE+• → tBu/R2NPP2

+• + THE. The cation radical spectra 

of various R2NPPn and the model compounds shown in Figure 4B were 

generated similarly (Section S5 in the Supporting Information). Note 

that the absorption spectra of R2NPPn
+• and tBu/R2NPPn

+• in Figure 4B 

https://dx.doi.org/10.1021/jacs.6b09209
http://epublications.marquette.edu/
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#t1fn2
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#t1fn2
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#notes-1
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#notes-1
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig4
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig4
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig4
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig4
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#notes-1
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig4
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig4
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did not change either upon a 10-fold increase in their concentration or 

temperature lowering to −50 °C.28 

 
Figure 4. (A) Spectral changes and corresponding evolution of mole fractions of 
oxidant and electron-donor cation radicals on the representative titration of tBu/R2NPP2 
with 42 μM THE+• in CH2Cl2 at 22 °C. (B) Compilation of the absorption spectra of 
CH2Cl2 solutions of the cation radicals of R2NPPn (solid lines) and tBu/R2NPPn (dotted 
lines) plotted against molar absorptivity at 22 °C. 

A comparison of the absorption spectra of R2NPPn
+• showed that 

the low-energy band with prominent vibronic structure in R2NPP2
+• 

(1055 nm) is red-shifted in R2NPP3
+• (1718 nm), whereas in higher 

homologues R2NPP4
+• and R2NPP5

+• it shifted back to higher energy 

(840 and 870 nm, respectively). Interestingly, the absorption spectra 

of R2NPP4
+• and R2NPP5

+• and the positions of the low-energy bands 

were strikingly similar to the cation radical spectrum of model 
tBu/R2NPP4

+•, see Figure 4B and Table 1. Consistent with the 

https://dx.doi.org/10.1021/jacs.6b09209
http://epublications.marquette.edu/
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig4
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig4
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#tbl1
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#tbl1


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Journal of the American Chemical Society, Vol 138, No. 50 (December 21, 2017): pg. 16337-16344. DOI. This article is © 
American Chemical Society and permission has been granted for this version to appear in e-Publications@Marquette. 
American Chemical Society does not grant permission for this article to be further copied/distributed or hosted 
elsewhere without the express permission from American Chemical Society. 

10 

 

electrochemical analysis presented above, electronic spectroscopy of 

the cation radical of R2NPPn
+• and model tBu/R2NPPn

+• indicates that the 

hole delocalization/stabilization in R2NPPn
+• (n ≥ 4) must be very 

similar to that in the model compounds. 

 

X-ray Crystallography 
 

The high stability of various R2NPPn
+• prompted us to grow 

single crystals for their X-ray crystallographic characterization. For 

example, the single crystals of R2NPP2
+• SbCl6– were obtained from a 

mixture of CH2Cl2 and hexanes at −10 °C, see the Supporting 

Information for details. Availability of the precise X-ray structures of 

the neutral (Figure 5A) and cation radical (Figure 5B) of R2NPP2 

established that a single charge is fully delocalized over both aryl 

groups, as judged by the oxidation-induced bond length changes 

(Figure 5D). Moreover, the oxidation-induced shortening of the central 

C–C bond (from 1.482 to1.433 Å) and decrease of the interplanar 

dihedral angle between two p-phenylenes (from 20.7° to 0.3°) further 

attest to the complete delocalization of the charge (Figure 5C, D). 

 
Figure 5. ORTEP diagrams (50% probability) of R2NPP2 (A) and its cation radical salt 
(B) as well as the juxtaposition of neutral (yellow) and cation radical (gray) structures 

https://dx.doi.org/10.1021/jacs.6b09209
http://epublications.marquette.edu/
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#notes-1
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(C). Comparison of the oxidation-induced bond length changes obtained by X-ray 
crystallography and DFT calculations (D).29 

It is particularly noteworthy that the elongations of the bonds in 
R2NPP2

+• were observed at the positions of the bonding lobes of 

HOMO, whereas the contractions of bonds at the positions of 

antibonding lobes of HOMO and all bond length changes were in close 

agreement with those obtained by the DFT calculations (Figure 5D). 

Unfortunately, repeated attempts to obtain the single crystals of the 

higher homologues of R2NPPn
+• were thus far unsuccessful. 

 

DFT Calculations 
 

DFT calculations at the B1LYP-40/6-31G(d)+PCM(CH2Cl2) level of 

theory (see Section S8 in the Supporting Information for the 

computational details)6,12,30-34 reproduced the electronic structure of 
R2NPPn

+• as obtained by the X-ray crystallography (Figure 5). The DFT 

calculations showed that spin/charge (hole) was symmetrically 

distributed in R2NPP2
+•, was somewhat skewed in R2NPP3

+•,35 and in 

higher homologues with n ≥ 4, was shifted toward one end of the 

molecule and closely resembled the hole distribution in model 
tBu/R2NPP3

+• and tBu/R2NPP4
+• (Figure 6).36 

 
Figure 6. Spin density distribution plots (+0.001 au) in the ground (D0) electronic 
states of R2NPPn

+• (n = 2, 3) (left), R2NPPn
+• (n = 4–6) (middle), and tBu/R2NPPn

+• (n 

= 2–4) (right) [B1LYP-40/6-31G(d)+PCM(CH2Cl2)]. Also see Figures S13 and S14 in 
the Supporting Information. 

The spin/charge distribution plots presented in Figure 6 clearly 

show that in R2NPPn
+• with n ≥ 4 and model compounds tBu/R2NPP3

+• 

and tBu/R2NPP4
+•, the hole is stabilized by the terminal electron-rich 

https://dx.doi.org/10.1021/jacs.6b09209
http://epublications.marquette.edu/
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig5
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig5
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#notes-1
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig5
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig5
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig6
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig6
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#notes-1
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig6
http://pubs.acs.org/doi/full/10.1021/jacs.6b09209#fig6


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Journal of the American Chemical Society, Vol 138, No. 50 (December 21, 2017): pg. 16337-16344. DOI. This article is © 
American Chemical Society and permission has been granted for this version to appear in e-Publications@Marquette. 
American Chemical Society does not grant permission for this article to be further copied/distributed or hosted 
elsewhere without the express permission from American Chemical Society. 

12 

 

unit, in accord with the electrochemical and spectroscopic analysis 

(Figures 3 and 4). (TD-)DFT calculations also reproduced the 

experimentally observed evolution of oxidation energies of R2NPPn and 

model tBu/R2NPPn as well as the excitation energies of their cation 

radicals (Figure 7). Note that the observed lowest-energy transition of 
R2NPPn

+• switches from D0 → D1 in n = 2 and 3 to D0 → D2 in higher 

homologues (i.e., n ≥ 4), where hole (in the ground state) shifts 

toward one end (see Figures S13 and S14 and Table S2 in the 

Supporting Information). 

 
Figure 7. Comparison of the oxidation energies of R2NPPn (A) and excitation energies 
of R2NPPn

+• (B) n = 2 and 3: D0 → D1, red solid circle, and n = 4–6: D0 → D2, open 

red circles vs cos π/(n + 1),37 where n is the number of p-phenylene units. Black solid 

circles (connected by black solid lines) denote experimental data points, and red 
circles (connected by red lines) denote data points from the (TD-)DFT calculations 
[B1LYP-40/6-31G(d)+PCM(CH2Cl2)]. 

Application of the Two- and Three-State Marcus-Based 

Model to RPP2 and RPP3 
 

The evolution of the oxidation energies with increasing n of 
R2NPPn series was somewhat surprising, as the increase in oxidation 

potentials by 0.24 and 0.35 V by inserting one and two bridging p-

phenylenes in R2NPP2 and saturation at n = 4 were in sharp contrast 

with the observed decrease in the Eox1 values in the isoalkyl-

substituted iAPPn with increasing n, which showed saturation at n > 7 

(Figure 8). A comparison of the oxidation energies of R2NPPn series 

with our recently published ROPPn series, having weaker electron-
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donating alkoxy-capping groups, showed a modest increase in Eox1 

values (∼0.10 V) with increasing n, which saturated at n = 5–6 (Figure 

8). 

 
Figure 8. Showing the evolution of Eox1 of various RPPn, where R = iA, RO, and R2N, 
vs cos π/(n + 1),37 where n is the number of p-phenylene units. 

In order to account for this unusual evolution of the redox 

potentials of poly-p-phenylenes (RPPn) with end-capping substituents 

(i.e., R = iA, RO, or R2N) of increasing electron-donor strength, we 

analyzed the RPP2
+• and RPP3

+• series using our recently developed 

Marcus-based MPM,6,34 as follows: Based on the two-state Marcus 

model, the model Hamiltonian H2 for RPP2
+• (Figure 9) can be 

simplified, as in eq 1, by noting that the hole is symmetrically 

distributed in RPP2
+•, i.e., the position of the hole corresponding to the 

minimum of the adiabatic ground-state energy xmin(RPP2
+•) = 1/2. A 

similar assumption of symmetrical (but not necessarily even) hole 
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distribution in RPP3
+• [i.e., xmin(RPP3

+•) = 1] also simplifies the 

Hamiltonian H3 (i.e., eq 2) for the three-state parabolic model 

applicable to RPP3
+• (Figure 9). 

 

(1) 

 

(2) 

 
Figure 9. Graphical representation of the two- and three-state parabolic models and 
the corresponding model Hamiltonians H2 and H3, where Hab is the electronic coupling 
between the interacting units, λ is the reorganization energy, Δε is the energy 
difference between the capped terminal unit and bridging p-phenylene unit, and x is 
the structural/solvent reorganization coordinate. 

The Hamiltonian matrices in eqs 1 and 2 for different end-

capping groups, represented in Figure 10, can be analytically 

diagonalized, and the resulting eigenvalues (eqs S1 and S2 in the 

Supporting Information) provide adiabatic ground-state energies, 

which relate directly to Eox1 of RPP2 and RPP3. For example, a 

comparison of the lowest eigenvalues of H2 and H3 with different 

values of Δε and constant Hab and λ (see Section S9 in the Supporting 

Information for details) shows that Eox1 of RPP3 would be similar to Eox1 

of RPP2 [i.e., ΔEox = Eox1(RPP3) – Eox1(RPP2) = 0] if the energy 

difference between the capped terminal and bridging p-phenylene unit 

(Δε) was comparable to the coupling (Hab), i.e., Δε ≈ Hab (i.e., R = 
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RO). In contrast, the oxidation potential is predicted to decrease (i.e., 

ΔEox < 0) when Δε < Hab (i.e., R = iA) and increase (i.e., ΔEox > 0) 

when Δε > Hab (i.e., R = R2N), Figure 10.38 

 
Figure 10. Comparison of the hole stabilization and distribution in RPP2

+• and RPP3
+• 

calculated using two- and three-state parabolic models defined in Figure 9. Thick 
blue/red arrows show increase/decrease in hole stabilization in RPP3

+• with respect to 
RPP2

+•. Parameters used in the multiparabolic model: Hab = 9.0, λ = 1.0, Δε(H) = 0, 
Δε(iA) = 3.7, Δε(RO) = 8.5. The value of the Δε(R2N) = 19.0 was obtained based on 
the linear correlation between the values of Δε vs the ionization potentials of model 
compounds, i.e., benzene (9.24 eV), toluene (8.83 eV), anisole (8.25 eV), and 
dimethylaminobenzene (7.15 eV), see Section S9 and Figure S19 in the Supporting 
Information. 

Comparison of the hole stabilization as elucidated with the MPM 

for various RPPn is depicted graphically in Figure 10. Here we see that 

a smaller Δε in case of isoalkyl-capped poly-p-phenylenes leads to 

effective stabilization of hole and thereby lowering of the oxidation 

potentials in iAPP3
+• in comparison with iAPP2

+•. In contrast, the larger 

Δε values for ROPPn and R2NPPn, which arise from the large energy 

difference between the terminal and bridging p-phenylene units, 

impede interchromophoric interaction between the terminal units and 

thereby leading to destabilization of the hole (Figure 10). Note that 

modest destabilization of ROPP3
+• (ΔEox = 0.05 V) as compared to 

R2NPP3
+• (ΔEox = 0.24 V) is directly related to the increased Δε value 

(Figure 10).39 

 

The MPM analysis further demonstrates that the amount of hole 

on the central p-phenylene in RPP3
+•, obtained directly from analytical 

expression for eigenvectors (eq S4 in the Supporting Information) of 

model Hamiltonian matrix in eq 2, depletes upon increasing the Δε 

between the end-capped terminal and bridging units (Figure 10). In 

the case of R2NPP3
+•, where Δε is largest, the hole tends to 

concentrate onto the electron-rich terminal units, which leads to 

destabilization of the hole as verified by increased oxidation potentials 

by ∼0.24 V. In contrast, for ROPP3
+• the hole is concentrated more or 

less equally on terminal and bridging units, owing to the relatively 
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modest increase in Δε. Finally, the hole distribution in ROPP3
+• 

represents a case of Δε ≈ Hab, as attested by a minimal destabilization 

of the hole by ∼0.05 V, as compared to ROPP2
+•.40 

 

Application of Multistate Model to R2NPPn
+• 

 

The two- and three-state parabolic models presented in Figure 9 

and 10 clearly account for the observed trend in the evolution of the 

oxidation energies. We have recently shown that more precise 

description of the hole distribution in the ground and especially in the 

excited states of poly-p-phenylene wires and the resulting redox and 

optical properties are better described using the a bell-shaped function 

rather than a parabola.41 Accordingly, herein we employ the multistate 

model (MSM) with bell-shaped function to R2NPPn
+• as follows (also 

see Section S10 in the Supporting Information). 

 

The eigenvectors obtained from diagonalization of the n-state 

Hamiltonian matrices in MSM provided hole distributions with uncanny 

similarity with the spin/charge distribution obtained by the DFT 

calculations, i.e., the hole shifts toward one end of the R2NPPn
+• chain 

for n ≥ 4 (Figure S26 in the Supporting Information). Moreover, the 

eigenvalues provided oxidation energies of R2NPPn, which increase with 

increasing number of p-phenylene units and saturate for n ≥ 4 

(compare Figures 11A and 7). Interestingly, a simulated plot (Figure 

11, gray) of oxidation energies of hypothetical RPPn wires with a wide 

range of energy gaps between the end-capped terminal and bridging 

internal units (Δε = 0–70) further demonstrate three different regimes 

in the evolution of the oxidation energies, among which RPPn wires 

with R = iA, RO, R2N represent limiting cases, i.e., Δε < Hab (i.e., R = 

iA), Δε ≈ Hab (i.e., R = RO), and Δε > Hab (i.e., R = R2N). It is 

important to note that the nature of the observed lowest-energy 

transition changes from D0 → D1 in fully delocalized R2NPPn
+• (n = 2, 

3) to D0 → D2 in longer homologues (n ≥ 4) and was accurately 

predicted by MSM (compare Figures 11B and 7). 
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Figure 11. (A) Oxidation energies G1(xmin) of RPPn (n = 2–7, R = iA, RO, or R2N), 
obtained from MSM, against cos π/(n + 1) trend.37 A simulated plot of the oxidation 
energies G1(xmin) obtained using MSM for a range of energy gaps between the end-
capped terminal and bridging internal units (Δε = 0–70) in hypothetical RPPn wires is 

shown in gray color. (B) Plot of vertical excitation energies42 ΔG(xmin) of RPPn
+• (n = 

2–7, R = iA, RO, or R2N), obtained from MSM, against cos π/(n + 1) trend.37 Solid 
circles correspond to the D0 → D1 transition (i.e., ΔG(xmin) = G2(xmin) – G1 (xmin)), and 
open circles correspond to the D0 → D2 transition (i.e., ΔG(xmin) = G3(xmin) – G1(xmin)). 

The oxidation and excitation energies obtained from MSM were scaled to experimental 
data. 

Thus, MSM successfully reproduced the evolution of oxidation 

energies and vertical excitation energies as well as the nature of the 

lowest-energy transitions across all RPPn
+• series with R = iA, RO, 

and R2N (Figure 11), obtained by experiment or DFT calculations, and 

provided a clear rationale of the differing trend in the evolution of 

redox and optical properties with increasing Δε between the end-

capped terminal and bridging internal units. 

Conclusions 

In this study, we undertook a detailed examination of the 

strikingly different trends of evolution of experimental Eox1 and 

effective conjugation length (ECL) of end-capped poly-p-phenylenes 

(RPPn) with electron-rich substituents. For example, we have earlier 

shown that alkyl-capped poly-p-phenylenes (iAPPn) show a decrease 

(−0.26 V) in Eox1 with increasing number of p-phenylenes (ECL = 7), 
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while alkoxy-capped poly-p-phenylenes (ROPPn) show an increase 

(+0.10 V) in Eox1 with increasing number of p-phenylenes (ECL = 5).6 

 

In order to reconcile this divergent behavior, we synthesized a 

series of R2NPPn (n = 2–6) with highly electron-rich N,N-

diisopropylamino end-capping groups and the model compounds 

(tBu/R2NPPn) with only one end-capping group. The electrochemical 

analysis of R2NPPn and model compounds showed a dramatic increase 

(+0.35 V) in Eox1 with increasing n [R2NPP2: −0.08 V, R2NPP3: 0.15 V, 
R2NPPn (n ≥ 4): 0.27 V, tBu/R2NPPn (n = 2–4): 0.27 ± 0.03 V] with ECL 

= 3. The optical spectra of R2NPPn
+•, obtained via quantitative redox 

titrations with a robust one-electron aromatic oxidant, showed a red 

shift in low-energy absorption band going from R2NPP2
+• (1055 nm) to 

R2NPP3
+• (1718 nm), while the spectra of higher homologues of 

R2NPPn
+• (n ≥ 4) were remarkably similar to the absorption spectrum 

of model tBu/R2NPP4
+• with a considerably blue-shifted absorption band 

at ∼880 nm. The ECL = 3 for R2NPPn
+•, determined by electrochemical 

analysis, is further corroborated by electronic spectroscopy which 

shows that the hole must be delocalized in R2NPP2
+• and R2NPP3

+• (red-

shifted absorption band), while it lies toward one end of the molecule 

in higher homologues R2NPPn
+•, n ≥ 4. 

 

The analysis presented above was further supported by the DFT 

calculations [B1LYP-40/6-31G(d)+PCM(CH2Cl2)], which reproduced the 

experimental redox and optical properties of R2NPPn/R2NPPn
+• and 

showed that spin/charge distribution indeed shifts toward one end of 

the molecule in higher homologues (R2NPPn
+•, n ≥ 4), similar to the 

model tBu/R2NPP4
+•. Moreover, the hole is fully delocalized in R2NPP3

+• 

and R2NPP2
+•, and the oxidation-induced bond length changes in 

R2NPP2
+•, obtained by DFT calculations, were in complete agreement 

with those obtained by precise X-ray structures of R2NPP2 and 
R2NPP3

+•. 

 

In order to ascertain the role of the energy gap (Δε) between 

the end-capped terminal and bridging p-phenylene units on the 

effective conjugation length, we applied our recently developed 

Marcus-based MSM. Hamiltonian matrices of two- and three-state 

parabolic models applicable to RPP2
+• and RPP3

+• were simplified by 

assumption of symmetrical hole distribution and analytically 
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diagonalized to produce eigenvalues (directly related to oxidation 

energies) and eigenvectors (related to the distribution of the hole). A 

comparison of the simplified Hamiltonian matrices for RPP2
+• and 

RPP3
+• provided a direct relationship between Δε and electronic 

coupling between adjacent p-phenylenes Hab and showed that 

oxidation energies will decrease with increasing number of p-

phenylenes if Δε < Hab (i.e., iAPPn), increase when Δε > Hab (i.e., 
R2NPPn), and show only a minimal change when Δε ≈ Hab (i.e., ROPPn). 

Moreover, a more pronounced increase in the oxidation energies going 

from n = 2 to 3 of R2NPPn (0.24 V) as compared to ROPPn (0.05 V) was 

consistent with an increase in Δε from ROPPn (8.5) to R2NPPn (19.0). 

Also note that the versatility of the MSM was further demonstrated by 

an accurate reproduction of the switching of the nature of the 

electronic transition in R2NPPn
+• due to shifting of the hole toward one 

end of the molecule. 

 

In summary, we have demonstrated by combined 

experimental/DFT/theoretical modeling study of N,N-diisopropylamino-

capped poly-p-phenylene (or donor–bridge–donor) wires (R2NPPn) and 

by comparison with isoalkyl- and alkoxy-capped poly-p-phenylene 

wires that the extent of hole delocalization (or effective conjugation 

length) in RPPn
+• and the contrasting trends in evolution of oxidation 

energy are critically dependent on the energy gap between end-

capped terminal and bridging p-phenylene units. This study also 

demonstrates the versatility of our Marcus-based MSM as a valuable 

tool for the guided design of the next-generation materials for long-

range transport of charge. Moreover, the findings detailed herein will 

aid in the development of improved models for charge-transfer 

dynamics in donor–bridge–acceptor systems.43-46 
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