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Abstract 

The effect of strong electric fields on four triphenylamine derivatives was investigated. Using 

the optimized structures performed via B3LYP/6-31+G(d,p) level of theory in vacuo, single-point 

energy calculations were performed in this work with CAM-B3LYP/6-311+G(d,p) with electric 

fields of strength 50x10-4au (c.a 2.57x109V/m) parallel and antiparallel to each of the x, y, and z 

axes. While fields in the y- and z- directions had little effect on molecular orbital (MO) contours, 

large changes occurred for fields in the x-direction, where the molecule lies. Additional 

calculations were performed at intermediate x-direction field strengths. The changes of the orbital 

contours are attributed both the pull of the field on the electrons in an orbital and to the 

rearrangement of molecular orbitals’ energies relative to one another. Furthermore, a linear 

relationship between MO energy and electric field strength was discovered, with deviations from 

linearity at high field strengths due to the near free electron characteristics. The maximum 

difference in HOMO and LUMO energy for the molecules under a more realistic field strength of 

0.4x10-4au was estimated to be about 0.022eV, which is insignificant to affect the open voltage of 

a solar cell device. 
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1. Introduction 

Great progress has been made over the past thirty years in the development of solar cells using 

organic small molecules, particularly in the form of dye sensitized solar cells (DSSCs)1-15 and 

organic solar cells (OSCs).16-39 Recently, OSCs with an efficiency of 20.8% were achieved.16 Much 

work has been done to find suitable dye and donor molecules for DSSCs and ORCs. There are 

many requirements which must be met for any potential dye or donor molecules, including high 

thermal and electrical stability, high absorptivity of visible light, anchoring groups (for DSSCs), 

and appropriate energy of HOMO and LUMO for the system in consideration.  However, there are 

additional requirements and desirable characteristics too. For example, high charge mobility would 

increase device efficiency by facilitating charge transfer throughout the device, and increasing the 

stability of the dye/donor molecule’s excited state would result in more efficient exciton separation 

rates.  

There are, of course, a practically infinite number of dye/donor molecule candidates. One of 

the most effective frameworks for computationally rational design of sensitizers is to focus on one 

set of molecules with similar chemical properties and composition – carefully calibrating the 

abilities of a particular computational method against experimental results – and then apply the 

same computational model to similar molecules to predict their properties. Hence, it is desirable 

to choose a single class of molecules with similar chemical properties and study them, and ideally 

a class with multiple use cases. Triphenylamine (TPA), as the name implies, is a nitrogen atom 

bonded with three phenyl rings, and its derivatives have gained a prominent stance in both DSSC 

and OSC research endeavors for a variety of reasons. Namely, they are known to have a high 

electron donating ability (as DSSC dyes), a high hole mobility (for dye or donor use), and a high 

molar absorptivity. Additionally, triphenylamine derivatives have received extensive usage as a 
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hole transport material (HTM).  Hole transport materials fill the role of an electrolyte for a DSSC, 

but are comprised of a purely solid material, and have the benefit of having simpler dye 

regeneration mechanisms and being less damaging to the cell than electrolyte solutions. In fact, 

the TPA derivative Sprio-OMe-TAD [2,2′,7,7′-tetrakis(N,N′-di-p methoxyphenylamine)-9,9′-

spirobifluorene] is one of the premier HTM candidates available, being described as a “champion” 

of the area. The three phenyl rings in TPA are tilted with respect to N-bonding plane, giving a 

propeller-like molecule shape. This shape gives additional steric hindrance to TPA-based dyes, 

which could help to prevent electrolyte-anode charge recombination in DSSC setups. Due to these 

exciting properties, our research group has done extensive work with TPA derivatives over the past 

15 years.  

One direction of research is investigating derivatives of 4-vinyl-N,N-di(p-tolyl)aniline, 

abbreviated MTPA, as shown in Figure 1 for a visual representation of the MTPA structure (R=H).  

This research into the MTPA derivatives began with a similar molecule (MTPA with no methyl 

groups) which indicated that the 6-31+G(d,p) (and higher levels of theory) provide a reasonable 

level of accuracy. Shortly thereafter, MTPA modified with additional π-linker and acceptor units 

was shown to perform well as the dye in a DSSC. Based on the reasonable applicability of MTPA 

in DSSCs, calculations were performed on several derivatives with different functional groups at 

the labelled R position of Figure 1. This study investigated the relative merits of H, NH2, OCH3, 

Cl, CN, NO2, and 2-carboxy-2-cyanovinyl acid functional groups, finding that the 2-caboxy-2-

cyanovinyl group gives stellar improvement to electron-hole separation, binding energy, and 

provides a bidentate anchoring group. Further research with these derivatives confirmed the use of 

6-31+G(d,p) basis (or higher) and B3LYP as a relatively accurate functional. Lastly, increasing the 

charge-separation lifetime of the exciton was investigated by incorporating a D-A1-A2 structure40-
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42  – along with changing the composition of bridging atoms – resulting in specific molecules for 

further study. In addition to the D-A1-A2 architecture, we also studied excitons at single molecule 

level,43 the character of charge separated state,4, 44-47 and the effect of triplet state on the relaxation 

of electron excitation.48 We note that many other researchers have also conducted studies of various 

properties of molecules49-69 and their functionalization.70-75 As the organic small molecules 

(OSMs) are also widely used for sensors,76-80 especially organic long-persistent luminescence 

sensors,81, 82 their synthesis83 has been an active area of research. 

  

 

 

 

 

 

 

In solar cell devices, OSMs as sensitizers are aggregates. These aggregates often have different 

properties than those of single molecules. The effect of aggregate on the device performance has 

attracted a lot of research efforts.84-92 In particular, polar materials possess a built-in electric field 

and can also be effective for catalysis.93-112, which is one of the reasons on why alloys have unique 

properties113 or tuning oxidation state of catalysts114 and may be explored for better catalysis for 

ethanol oxidation reaction115-119 or steam reform of hydrocarbons.120 A review of the electric field 

on various properties can be found.121, 122 The effect of electric field has been used in the design of 

biomolecules123, 124 and decomposing Alzheimer’s.125 Because of the importance of electric field, 

there were extensive efforts to develop measurements of these electric fields.126-144 

Figure 1. Structure of MTPA derivatives.  
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Computationally, there were DFT studies of E-field.145-147 and Machine-learning prediction.148 

Studies can also be found on the charge density site on catalysts149-151 and molecules.8, 152-161 

Studies of sensing under electric field were also conducted.162, 163 

The effect of an electric field on dye/donor molecules has been investigated in literature,8, 60, 

147, 161, 164, 165 but there is a lack of investigation into these effects on triphenylamine derivatives. In 

this work, calculations were performed on four MTPA derivatives. They are shown in Figure 2. 

The ordering of MTPABT-Pyc, MTPAcc, MTPAcc-Pyc, MTPACo-Pyc will be maintained, as it 

corresponds to the ordering of the molecules’ dipole moments from greatest to least. 

 

 

 

 

 

 

2. Computational Details 

The computational software used in this work is Gaussian16W with the GaussView6.0 user-

interface. For each molecule, an optimization calculation was performed previously,70 using 

B3LYP functional,166, 167 and a 6-31+G(d,p) basis set in vacuo. These molecules are aligned such 

that the length of the molecule is parallel to the x-axis and the planar conjugated regions lie in the 

x-y plane. Using the optimized structures, single-point energy calculations were performed in this 

work on each molecule with an applied electric field in the positive and negative x, y, and z-

MTPABT-Pyc 

MTPAcc-Pyc 

MTPAcc 

MTPACo-Pyc 

Figure 2. Structures for MTPABT-Pyc, MTPAcc, MTPAcc-Pyc, and MPTACo-Pyc.   
H atoms are removed for clarity. 
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directions. A default convergency criterion for electronic optimization at a sing-point was used, 

just as in our previous DFT studies.168 The fixed orientation is to mimic the aggregates where 

single molecules are confined. The DFT results at a single-point geometry will represent the upper 

limit of changes in the properties compared to the results where the molecules are allowed to relax 

in respond to the external field.  

These single-point energy calculations were performed using the CAM-B3LYP functional169 

and 6-311+G(d,p) basis set with symmetry ignored. Initially, the field strengths ranged from -

50x10-4au to +50x10-4au. The standard electric field value in atomic units is 1au≈5.142x1011 V/m, 

so 50x10-4au≈2.57x109 V/m. This value should be compared to the internal field strength for solar 

cells (c.a. 0.4x10-4 au=2.1x107V/m ) which is randomly oriented in OSC devices and has average 

direction between the electrodes of DSSC devices.147,165 Clearly, this range is far wider than what 

experimental conditions are expected to vary as; however, other studies have considered field 

strengths up to 25x10-4au, validating the scope of this study.147, 161   

3. Results 

DFT results on the molecular orbital contours and energies at the electric field of 50x10-4au 

are shown in Figures 3-6. We note that the electric field was applied in various directions. Figures 

3-6 showcase the effect of the strongest field strength on the four frontier orbitals of each molecule 

(HOMO-1 through LUMO+1) via molecular orbital visualizations. The visualization with no field 

is shown at the top of each page for comparison. These electric fields have a magnitude of 50x10-

4au with direction parallel or antiparallel to the x, y, and z axes. This is represented through the 

standard  < 𝚤𝚤,̂ 𝚥𝚥̂,𝑘𝑘� > vector notation.   

Figure 3 shows the MO visualizations for the MTPABT-Pyc molecule. For the molecule with 

no applied field, the HOMO and HOMO-1 orbitals are located primarily on the donor-moiety, with 
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some additional density throughout the π-linker. Conversely, the LUMO orbital is primarily 

centered on the acceptor moiety, and the LUMO+1 orbital on the π-linker. When a field is applied 

in the positive x-direction, electrons are pulled opposite to the field (due to their negative charge) 

and thus shift toward the acceptor moiety, increasing the magnitude of charge separation. This is 

corroborated by a significantly higher dipole moment of  μ𝑥𝑥����⃗ = 21.5𝐷𝐷 for this molecule compared 

to the 0-field value of μ𝑥𝑥����⃗ = 11.5𝐷𝐷. Conversely, an electric field in the negative x-direction pulls 

the electrons toward the donor-moiety. In fact, μ𝑥𝑥����⃗  =  −1.4𝐷𝐷, suggesting that the phenyl rings 

command more of the electronic charge than the cyano- and carboxylic acid groups. Note that, in 

a DSSC setup, these two cases would represent the electric field pointing out from and into the 

TiO2 surface, respectively. Furthermore, both cases have drastically shifted molecular orbitals.  

This is especially pronounced for the (-) x-direction field, wherein every orbital is centered on a 

totally different moiety than for the 0-field molecule. For the fields applied along the y- and z-

axes, much less difference is noticeable. Specifically, the basic shapes of each of the MOs shown 

are the same for all four of these calculations. There are some slight differences – for example, the 

donor phenyl rings of the HOMO-1 orbital along the (+) and (-) y-direction – but these differences 

are much less significant than for the x-direction.  
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For the remaining molecules, shown in Figures 4-6, very similar explanations are appropriate. 

Having a field pointing along or against the x-direction produces enormous differences, with an 

Figure 3. Molecular Orbital Visualizations for MTPABT-Pyc. H atoms are removed for clarity. 
The values shown are in 10-4au field strength. Cartesian axes are shown for reference. 
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entire rearrangement of the relative energies of the molecular orbitals. Additionally, any fields in 

the y- and z-directions produce much smaller effects, with only minor reconfigurations of the 

position of the electrons. Again, the phenyl rings of the LUMO+1 visualizations showcase these 

minor differences well under (+) and (-) y-direction fields.   

MTPAcc     HOMO-1        HOMO      LUMO             LUMO+1 

 

 𝐸𝐸�⃗ = 0 

______________________________________________________________________________ 

 

𝐸𝐸�⃗ = 50𝚤𝚤 ̂ 

 

 

𝐸𝐸�⃗ = −50𝚤𝚤 ̂ 

 

 

𝐸𝐸�⃗ = 50𝚥𝚥̂  

 

 

𝐸𝐸�⃗ = −50𝚥𝚥 ̂ 

 

 

𝐸𝐸�⃗ = 50𝑘𝑘�   

 

 

𝐸𝐸�⃗ = −50𝑘𝑘�   

 

 

  y 

 

z   x 
Figure 4. Molecular orbital visualizations for MTPAcc. H atoms are removed for clarity. The values 
shown are in 10-4au field strength. Cartesian axes are shown for reference. 
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Figure 5. Molecular orbital visualizations for MTPAcc-Pyc. H atoms are removed for clarity. The 
values shown are in 10-4au field strength. Cartesian axes are shown for reference. 
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Figure 6. Molecular orbital visualizations for MTPACo-Py. H atoms are removed for clarity. The 
values shown are in 10-4au field strength. Cartesian axes are shown for reference. 
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In addition to the y- and z-direction fields having small visual effect, there is only a minute 

energetic effect. The energies of the HOMO and LUMO of MTPABT-Pyc under various y- and z-

field strengths are given in Table 1 to showcase this. It is noted that MTPABT-PYC experienced 

the greatest variation of the four molecules. With a maximum energy difference of 0.2eV under 

field strengths c.a. 100X greater than experimental conditions, we conclude that there is not 

expected to be a significant difference for y- and z-fields.165 

Table1. MO Energies for MTPABT-Pyc versus y- and z-fields. 

 

With the drastic changes noted for fields applied along the x-direction, investigation into the 

effects of more intermediate fields is in order, especially to see the effects fields of strength more 

approximating experimental conditions. Figures 7-10 show the effect of a changing field strength 

in only the x-direction. Again, the HOMO-1 through LUMO+1 molecular orbital visualizations 

are included, with the field strengths including 0, ±10x10-4, ±20x10-4, and ±35⋅10-4au. Note that 

the 0-field visualizations are shown in the middle of the Figure, as opposed to the top of the page 

in Figures 3-6. 

The expected trends are observed in these visualizations. Namely, fields in the positive 

direction tend to draw the electrons towards the acceptor moiety and fields in the negative direction 

tend to draw electrons towards the donor moiety, with these effects being more pronounced with 

increasing field strength. We speculate that these visual differences are caused by two main factors. 

Firstly, the electrons within an orbital will shift slightly, either opposite to the field due to its 

Field 
Strength 
(10-4 au) 

50𝚤𝚤 ̂ 40𝚤𝚤 ̂ 20𝚤𝚤 ̂ 0𝚤𝚤 ̂ -20𝚤𝚤 ̂ -40𝚤𝚤 ̂ -50𝚤𝚤 ̂ 50𝑘𝑘� 30𝑘𝑘� 0𝑘𝑘� -30𝑘𝑘� -50𝑘𝑘� 

HOMO 
(eV) -6.32 -6.29 -6.31 -6.33 -6.31 -6.30 -6.29 -6.34 -6.39 -6.33 -6.32 -6.31 

LUMO 
(eV) -1.90 -1.87 -1.89 -1.92 -1.94 -1.96 -1.97 -2.01 -2.03 -1.92 -1.88 -1.86 
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effects, or along the field due to the attraction of nuclei that have become deprived of electron 

density. The MTPAcc-Pyc LUMO showcases this movement well between +35𝚤𝚤 ̂ and −20𝚤𝚤.̂  

Additionally, the relative ordering of orbital energies will change.  In other words, the field may 

increase the energy of one orbital and decrease the energy of another, causing them to “swap.”  

The MTPAcc-Pyc LUMO+1 orbital showcases this well, with the field strengths of +35𝚤𝚤 ̂through 

0 having orbital contours distinct from those of −10𝚤̂𝚤 and −20𝚤𝚤,̂ which are further distinct from -

−35𝚤𝚤.̂ 

While all four molecules have noticeable differences in their MO visualizations between the 

10𝚤𝚤 ̂and −10𝚤𝚤 ̂ field strengths, only the MTPAcc-Pyc molecule has two MOs swap in energy as 

described.  Again, 10𝚤𝚤 ̂corresponds to a field strength of 10x10-4au, which is c.a. 20X stronger than 

would be expected in a typical solar cell.165 Hence, it is unlikely that such an effect would be 

encountered there. This is an encouraging result, as orbital rearrangement could result in reduced 

efficiency by excited electrons not being properly sent from the donor to the acceptor moiety.43  
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Figure 7. MTPABT-Pyc: Molecular orbital visualizations with varying x-field strengths. H atoms are 
removed for clarity. The values shown are in 10-4au field strength. Cartesian axes are shown for reference. 
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Figure 8. MTPAcc: Molecular orbital visualizations with varying x-field strengths. H atoms are removed 
for clarity. The values shown are in 10-4au field strength. Cartesian axes are shown for reference. 
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Figure 9. MTPAcc-Pyc: Molecular orbital visualizations with varying x-field strengths. H atoms are 
removed for clarity. The values shown are in 10-4au field strength. Cartesian axes are shown for reference. 
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Again, the MO shapes are not the only factor to consider – the orbitals are also changing in 

energy. Due to the stringent requirements of HOMO and LUMO energies for both OSC and DSSC 
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Figure 10. MTPACo-Pyc: Molecular orbital visualizations with varying x-field strengths. H atoms are 
removed for clarity. The values shown are in 10-4au field strength. Cartesian axes are shown for reference. 
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devices, this could be an enormous issue. As such, Figure 11 shows the energies of the frontier 

orbitals for each molecule as the magnitude of x-direction field is altered. 

 

 

As can be seen in Figure 11, the basic trend is similar for each molecule. The LUMO and 

LUMO+1 energies increase for fields in the (-) x-direction and decrease for fields in the (+) x-

direction. The HOMO and HOMO-1 energies appear to have the opposite trend but are not as 

strongly affected. In fact, the significantly larger effect experienced by the virtual MOs suggests 

that these differences are likely over estimated. It is suggested that calculating the LUMO energy 

via the anionic species could give more accurate results, as has been shown in our other works,170 

though experimental verification of this could be difficult. 

 

 

 

 

    MTBABT-Pyc a)    MTPAcc     b) 

 

 

 

 

 

 

   MTPAcc-Pyc c)            MTPACo-Pyc     d) 

Figure 11. Frontier orbital energies at various applied fields along the X-axis. The HOMO-1 
through LUMO+1 orbitals are included for MTPABT-Pyc in a), MTPAcc in b), MTPAcc-Pyc 
in c), and MTPACo-Pyc in d) 
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Interestingly, the above graphs suggest a locally linear trend between an orbital energy and the 

applied field strength. This is not unexpected, as the potential energy of a fixed dipole in an electric 

field is equal to the dot product of the dipole moment and field strength.171 This linear trend is 

particularly evident for the LUMO and LUMO+1 orbitals and the MTPAcc and MTPAcc-Pyc 

HOMO orbitals, while the lack of change for the MTPABT-Pyc and MTPACo-Pyc HOMOs makes 

trends hard to discern. Furthermore, this appears to become less true as the field strength increases, 

which is attributed to rearrangement of the electrons to a lower-energy state (i.e., this dipole is not 

fixed). To investigate this, the HOMO and LUMO energies for each molecule are plotted versus 

field strength in Figure 12, with the origin fixed at the 0-field MO energies. The 35x10-4au fields 

are omitted due to significant rearrangements. 
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Excluding the afore-mentioned HOMO trends, the linear approximations fit quite well.  

Furthermore, the literature value electric field strength of 0.4x10-4au,165 combined with the 

maximum slope value obtained above (0.056eV/10-4au for the MTPABT-Pyc LUMO) gives an 

error prediction of 0.022eV. Clearly this value is too small to impact the functionality of the solar 

cell from an energetics standpoint. It is further noted that the opposite slope signs for the HOMO 

and LUMO energies indicate that errors for the HOMO and LUMO are cumulative towards 

calculating the HOMO-LUMO gap, though the predicted error would still be minute. Hence, it is 

Figure 12. The HOMO & LUMO energies as a function of applied field. 
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unlikely that electric fields are a large factor for MTPA-type molecules in DSSCs/OSCs. However, 

the orientation of molecules in aggregates can be influenced by the external electric field and may 

offer an effect tool to orientate molecules in desirable ways.  

4. Conclusions 

MTPA-derivatives were studied with their structures taken from our previous works using  

B3LYP/6-31+ G(d,p) method. Using these optimized structures, we performed single-point energy 

calculations using CAM-B3LYP and 6-311+ G(d,p) basis set with applied electric fields. These 

electric fields had magnitudes of 50x10-4au, or approximately 2.57x109V/m. From these 

calculations, the effects of the electric fields in various directions were investigated on the 

molecular orbital contours. While fields in the y- and z- directions had little effect, fields applied 

in the x-direction had large effects, so additional calculations were performed at intermediate field 

strengths in the x-direction. The changes of the orbital contours are attributed to slight differences 

of specific orbitals caused by the pull of the field on the electron, and to the rearrangement of the 

energies of the molecular orbitals relative to one another. Furthermore, the energies of any 

particular molecular orbital in an electric field follow an approximately linear trend, explained by 

treating the orbital as dipole, with deviations at high field strengths due to the rearrangement of 

the electron density. This linear trend was used to predict the maximum difference in HOMO and 

LUMO energy for the molecules under a realistic solar cell field strength of 0.4x10-4au, with the 

resulting errors being relatively small. The errors of the HOMO and LUMO predictions are 

expected to be cumulative (and not cancel), but still have small enough magnitude to not be of 

concern. Further studies should be undertaken at weaker field strengths (i.e. 1–5x10-4au) to confirm 

the linear approximation used. These data suggest that electric fields are not a significant factor 

for dye/donor usage of the studied MTPA derivatives; however, it remains unclear how similar 
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field strengths would impact the functionality of other molecules. Furthermore, this study excluded 

the TiO2 substrate, which could have a massive impact on the electric properties of the molecules 

for DSSC use. Specifically, the TiO2 substrate would be located along the x-axis used here, which 

could have a significant impact on which MOs have the frontier energies, and thus greatly impact 

charge separation and electron injection. 
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