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Abstract 

 Four high photocurrent near-infrared (NIR)-absorbing metal-free organic sensitizers 

(ND1, ND2, ND3, and AP25) with varying nitrogen-based donor groups are examined for use in 

dye-sensitized solar cell (DSC) devices. One of the highest photocurrent generating organic dyes 

based on a triarylamine donor reported in the literature (AP25 at 19 mA/cm2) is compared to 

dyes varying the donor group with constant intramolecular charge transfer π-bridge-acceptor 

systems. Specific popular donor groups include the bulky Hagfeldt donor (ND1), a carbazole 

donor (ND2), and an indoline donor (ND3) which varies a large range of sizes (maximum width 

varies between 26 Å and 8 Å). Computational analysis, dye energetics, absorption profiles (in 

solution and on TiO2), device incident photon-to-current conversion efficiencies (IPCEs), 

electrochemical impedance spectroscopy, small modulated photovoltage transient 

spectroscopy, and device current-voltage curves are used to probe dye behavior based on donor 

group selection. Balancing donor size and dye loadings was found to be critical for higher 

performances with the DSC dyes accessing lower energy photons near 900 nm. 
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INTRODUCTION 

 Dye-sensitized solar cells (DSCs) have attracted significant attention due to advantages in 

cost-effective fabrication, high tunability, non-toxic materials, high performance in low-light 

environments, flexibility, short energy payback time, and efficiency independent of the angle of 

incident photons.[1-8] In DSC devices, organic sensitizer selection controls the useable photon 

energy, and dyes using low energy photons are in high demand due to promising theoretical 

performances.[1] However, organic dyes using low energy photons within DSC devices are scarce 

in the literature.[9-17] The majority of known organic sensitizers are limited to absorbing higher 

energy photons in the visible region of the electromagnetic spectrum (approximately ≤750 

nm).[2, 5, 7, 18-22] The discovery of photosensitizers absorbing at longer wavelengths is critical 

to increasing DSC device power conversion efficiencies (PCEs).[1] Accurately understanding dye 

behavior in solution and on surfaces is critical in the near-infrared (NIR) spectral region where 

dye energetics must be carefully controlled to maintain favorable electron transfers.[23] 

 DSC devices function by photoinduced electron transfer processes where a photon is first 

absorbed by the sensitizer, which then transfers an electron to the conduction band (CB) of a 

semiconductor (typically TiO2 for n-type DSCs). The electron then traverses an external circuit 

where it is collected at a counter electrode by a redox shuttle (RS) which returns the electron to 

the oxidized dye. Controlling the energetics of the different components (the dye, TiO2 CB, and 

the RS) of the device is crucial in the design of an efficient system. To access the NIR region, the 

free-energy driving force for electron transfers (or overpotential) for each of the electron 

transfers need to be minimized.[1] Thus, the dye should have energy levels near that of the 

semiconductor CB and the redox shuttle but maintain favorable free energies of electron 
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transfer. Among dye designs, the donor-π bridge-acceptor (D-π-A) strategy offers flexible dye 

designs which can be readily tuned to yield desirable dye properties.[22] Specifically, this type of 

donor-acceptor dye design approach has been critical to accessing NIR photons for use in DSC 

devices from organic chromophores employing strong electron-donor groups and strong 

electron-withdrawing groups conjugated through a π-bridge.[9-10, 12-13, 24] Additionally, the 

use of non-conjugated functionality as insulating groups can control dye surface footprint, dye 

loading densities, dye-dye interactions on the surface of TiO2 films, and the rate of non-

productive recombination of electrons in the TiO2 CB with an oxidized RS.[22, 25-29]  

 The size of the respective donor group plays an important role in the performance of the 

DSC device with current trends favoring bulkier donor designs.[25, 28, 30-34] Amine donors have 

been widely used in dye design owing to their strong electron donation strength and reversible 

redox chemistry, allowing localized cations to be held far from the TiO2 surface and consequently 

limiting back electron transfers. Among amine donors, one of the most popular donors is the 

Hagfeldt donor.[30, 35-36] Specifically, this donor and others inspired by its design have sparked 

continued growth within the DSC field by slowing redox shuttle recombination rates through the 

use of insulating groups, giving an 'umbrella' effect to the sensitizer and enabling the efficient 

use of a variety of transition metal based redox shuttles.[30, 37] However, high performances 

from more concise donor designs such as ethyl-carbazole,[38] indole,[39-42] and bis(4-

alkoxyphenyl)aniline derived systems[43-46] have been noted. Additional cases exist where the 

donor size has modest effects on device performances.[47] Thus studying donor size in general 

with promising chromophores is an important strategy needed to understand device 

performances.[26, 34, 48-50] Specifically, for some D-π-A systems, the bulk of the Hagfeldt donor 
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can lower dye loadings and lead to the diminished performance of the sensitizer compared to 

more concise donors.[25, 51] With these observations in mind, this study directly compares four 

of the more commonly used donor groups with an identical π-bridge-acceptor system based on 

the record setting photocurrent DSC device dye, AP25, which was recently used in a 25 mA/cm2 

co-sensitized all organic dye device (Figure 1).[52-53] The Hagfeldt donor (ND1), carbazole (ND2), 

indoline (ND3) and triarylamine (TAA, AP25) donors are compared here based on electron 

donation strength, dye footprint, dye loading, effects on recombination rates, and overall device 

performances with the cyclopentadiene (CPDT[44, 54])-3,4-thienothiophene (3,4TT[55])-

cyanoacrylic acid (CAA) π-system (Figure 1).  

 

Figure 1. Molecular structures of ND1, ND2, ND3, and AP25.  
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RESULTS AND DISCUSSION  

 Synthesis of ND1, ND2, and ND3 began from a known common brominated CPDT-3,4TT 

intermediate (1) (Scheme 1).[52] Each of the donor group pinacol boronic ester (Bpin) derivatives 

are either commercially available (Hagfeldt donor, HF-Bpin), or prepared according to reported 

literature procedures (carbazole donor, Cbz-Bpin[56]; indoline donor, Ind-Bpin[41]). Palladium-

catalyzed Suzuki coupling of the pinacol boronic esters of the donor groups yielded aldehyde 

intermediates 2-4 in 43%-78%. A Knoevenagel reaction between 2-4 and cyanoacetic acid 

awarded the target dyes ND1-ND3 in 50%-54% yield. AP25 with the triarylamine (TAA) donor was 

prepared according to the literature.[52] 

 

 
Scheme 1. Synthesis of the target dyes ND1, ND2, and ND3.  
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 Absorption spectroscopy measurements were undertaken with ND1, ND2, ND3 and AP25 

both in solution (Figures S1-S2, Table S1) and on the surface of TiO2 (Figure 2, Table 1) to compare 

the effect of the donors. The order of increasing absorption maximum (λmax) wavelength values  

 

Figure 2: Absorption spectra of ND1, ND2, ND3 and AP25 on TiO2. 
 

Table 1: Energetics of ND1, ND2, and ND3, and AP25 on TiO2. 
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ND1 646 765 755 45000 0.92 -0.72 1.64 
ND2 641 735 745 39000 1.00 -0.66 1.66 
ND3 668 800 780 42000 0.75 -0.84 1.59 
AP25 641 780 765 30000 0.88 -0.74 1.62 
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800 nm is representative of a low energy intramolecular charge transfer (ICT) band. The dyes 

have molar absorptivities (e) ranging from 30,000 M–1cm–1 to 45,000 M–1cm–1 in DCM. ND1 with 

the Hagfeldt donor was the strongest absorbing dye in the series (e = 45,000 M–1cm–1) with a 

similar e value to ND2 (e = 39,000 M–1cm–1) and ND3 (e = 42,000 M–1cm–1). The e value for AP25 

was notably lower at 30,000  M–1cm–1, but the absorption curve was broader.  

The optical properties of the organic photosensitizers were analyzed on the TiO2 surface. 

While the solution measurements are more easily correlated to structure-function relationships, 

the surface measurements are more relevant to practical device measurements. On TiO2 the 

absorption spectrum broadens dramatically to give a near panchromatic response where the λmax 

is not easily observed in relation to the lowest energy transition (Figure 2). The λonset trend is 

identical to that observed in DCM which suggests the donor strength order increases according 

to the trend: Cbz < HF < TAA < Ind over a 35 nm range reaching up to 780 nm. Prominent shoulder 

features are present around 500 nm on TiO2 which are not present in the solution absorption 

spectrum which shows a minimum near 500 nm. An additional low energy shoulder near 650-

700 nm is also present in the spectrum. The summation of these three transitions (the primary 

transition and the lower and higher energy shoulders) leads to an apparently panchromatic 

absorption spectrum across most of the visible region on TiO2 films.  

Cyclic voltammetry (CV) studies were performed to determine the oxidation potentials of 

the dyes in solution and on the surface of TiO2 films (Figures S3 and S4, Tables 1 and S1). In DCM, 

the dyes have ground state oxidation potentials (E(S+/S)) ranging from 0.76 V to 0.98 V versus 

normal hydrogen electrode (NHE) (Table S1). The E(S+/S) value increased in potential according to 

the following trend: ND3 < AP25 < ND1 < ND2 indicating that the indoline donor dye has the least 
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positive oxidation potential and the carbazole donor dye has the most positive potential. The 

same trend is found when the dyes are bound to TiO2 with very similar E(S+/S) values observed (≤ 

0.07 V difference, Figure 3, Table 1). All of these dyes are well suited for regeneration with the I–

/I3
– redox shuttle (RS) when on TiO2 films with driving forces for regeneration (∆Greg) ranging from 

400 mV to 650 mV when oxidation potential of RS is taken at 0.35 V. Notably, this value is a 

grossly estimated number which is often used in the literature;[6, 20, 57-59] however, the redox 

chemistry of the RS system is significantly more complex than a single number would 

indicate.[60-61] The dye excited state oxidation potentials (E(S+/S*)) were found by the following 

equation: E(S+/S*) = E(S+/S)
 – Eg

opt. The E(S+/S*) values range from –0.66 V to –0.84 V according to the 

following trend in order of least to most negative values on TiO2: ND2 > ND1 > AP25 > ND3. 

Importantly, E(S+/S) and E(S+/S*) value trends indicate that the donor group choice affects both the 

ground and excited state oxidation potential values significantly. The dyes have a favorable free-

energy driving force for electron injection into the TiO2 CB of 160 mV to 340 mV when the TiO2 

conduction band is taken at –0.5 V.[19-20, 59, 62] 

 

Figure 3: Energetics of ND1, ND2, ND3, and AP25 on TiO2. 
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 The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) positions are critically important to directional electron transfer reactions at a TiO2 

surface. The LUMO should be positioned near TiO2 for efficient electron injection from the 

photoexcited dye to the TiO2 semiconductor. The HOMO should be located away from the TiO2 

semiconductor to avoid back electron transfer from the semiconductor to the oxidized dye after 

the initial photoinduced charge separation event occurs. Density functional theory (DFT) and 

time dependent (TD)-DFT calculations were carried out at the B3LYP[63-64]/6-311G(d,p)[65] 

level with the Gaussian16 package[66] to assess the HOMO and LUMO locations on the dyes 

(Figure 4). The HOMO was found to be delocalized across the donor 
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Figure 4. Frontier orbital distribution of ND1, ND2, ND3 and AP25 at the B3LYP/6311(d,p) level of 
theory. Iso values set to 0.02.  

and the p-bridge with a small presence on the acceptor region in each of the dyes. The LUMO 

was delocalized from the CPDT p-bridge across the 3,4TT group and onto the cyanoacrylic acid 

acceptor group with each dye. The presence of the LUMO on the dye anchoring group allows for 

facile electron transfer from the dye to TiO2. This HOMO is mostly positioned away from the TiO2 

surface by the acceptor region to slow back electron transfer processes after photoinduced 
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charge separation. After electron transfer to TiO2 and dye geometry reorganization, the dye 

cation singly occupied molecular orbital (SOMO) position is important for sustained charge 

separation. Additionally, the dye cation geometries were optimized, and the SOMO was found to 

be delocalized primarily from the donor group across the π-bridge with some contribution also 

on the acceptor (Figure S7). This illustrates a very broad delocalization of the SOMO orbital of the 

dye cations with some undesirable proximity to the TiO2 surface. Notably, the positions of both 

the HOMO and LUMO suggest these dyes are behaving as intramolecular charge transfer (ICT) 

dyes with orbital overlap on the π-bridges. Time dependent-DFT reveals the HOMO and LUMO 

orbitals contribute >99% to the S0 to S1 transition with high oscillator strengths above 1 (Table 

S2). Thus, based on orbital analysis, electrochemical, and optical properties, these dyes are well-

suited for DSC device studies. 

DSC devices were fabricated with ND1, ND2, ND3 and AP25. An AM 1.5G solar simulated 

spectrum at 1 sun intensity was used as a light source to measure the device performances via 

current-voltage (J-V) curve measurements (Figure 5, Table 2). The power conversion efficiency 

(PCE) of the cells was calculated according to the equation PCE = (Jsc x Voc x FF)/I0, where Jsc is the 

short-circuit current density, Voc is the open-circuit voltage, FF is the fill factor, and I is the incident 

light intensity equal to 1 sun (1000 W/m2).  
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Figure 5: J-V curve for ND1, ND2, and ND3 compared to AP25. 

 

The DSC devices produce photocurrents ranging from 11.7 mA/cm2 to 19.1 mA/cm2 for 

each of the single dye devices according to the following trend: ND3 @ ND2  < ND1 < AP25 (Table 

2, Figure 5). Thus, the TAA donor led to the highest photocurrent followed by the HF donor dye 

and then the carbazole and indoline dyes. Since all of the dyes have very similar absorption onset 

values, addition studies are show below to help understand this trend. The photovoltage trend 

was similar to the photocurrent trend with ND2 < ND3 < AP25 < ND1 ranging from 477 mV to 

544 mV. The modest photovoltage values are due to using high lithium iodide loading to facilitate 

facile electron transfers which is necessary as has been previously reported for AP25 and is 

apparent from devices fabricated without LiI (Figure S10, Table S5).[52] Additionally, dipole 

moments at the TiO2 surface are known to have significant effects on the photovoltages of DSC 

devices.[67] The dipole values are similar debye amounts for the dyes studied here (~14 D neutral 

dye, 16-19 D cationic dye) which are correlated in the literature to low photovoltage (Tables S2-

S3).[24] The devices show similar FF values and an overall PCE range of 3.7% to 6.7%. However, 

given the high photocurrent and broad absorptions of these dyes, they are interesting candidates 
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for multijunction solar cell devices despite the modest PCE values.[52-53] Additionally, these 

broadly absorbing dyes are excellent for pairing with wider energy gap dyes like D35 for a co-

sensitized device.[6, 36, 68-69] The overall PCE and photocurrents of both AP25 and ND1 were 

substantially improved by co-sensitization with D35 resulting in the improvement of 

photocurrent production in the visible region near 400 nm for the two single dye devices as 

demonstrated in their respective incident photon-to-current conversion efficiency (IPCE) spectra 

(Figure 6, IPCE discussion below). This results in an increase of near 4 mA/cm2 of photocurrent 

and an increase in PCE from 5.3% to 7.3% with ND1. 

Table 2. Current-voltage curve data for the DSC devices. 

Device Voc (mV) Jsc (mA/cm2) FF (%) PCE (%) 
dye loading 
(mol/cm2) 

ND1 541 ± 9 14.5 ± 0.6 67 ± 0 5.3 ± 0.1 1.02 × 10-7 

ND2 477 ± 3 11.7 ± 0.3 69 ± 0 3.7 ± 0.1 1.06 × 10-7 

ND3 498 ± 5 11.8 ± 0.2 65 ± 0 3.8 ± 0.1 1.23 × 10-7 

AP25 530 ± 2 19.1 ± 0.7 66 ± 0 6.7 ± 0.1 1.54 × 10-7 

ND1+D35 572 ± 6 18.1 ± 0.1 71 ± 1 7.3 ± 0.3  

AP25+D35 570 ± 11 23.7 ± 0.7 63 ± 1 8.3 ± 0.2  

*Values are the average of at a least two DSC devices. 
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Figure 6: IPCE spectra of ND1, ND2, ND3 and AP25 based DSC devices. 

 

Incident photon-to-current conversion efficiency (IPCE) measurements were taken to 

better understand the photocurrent trend observed during current-voltage curve 

measurements. The IPCE onset values for all of the dyes is similar at ~900 nm. However, the peak 

IPCE value in the 400-900 nm region varies dramatically for the series of dyes and correlates with 

the photocurrent values measured for the DSC devices with a <1 mA/cm2 difference between the 

IPCE integrated current area and that obtained by J-V curve measurements. The peak IPCE values 

gave the following trend: AP25 (TAA donor, ~80%) > ND1 (HF donor, 55%) > ND2 (Cbz donor, 

45%) > ND3 (Ind donor, 35%). This trend is similar to that observed for photocurrent 

measurements from the J-V curves except for ND3 being lower in peak IPCE value despite a 

slightly higher JSC value than ND2. However, ND3 produces electricity at a higher level further 

into the long wavelength region of the IPCE spectrum leading to a higher photocurrent than ND2. 

The low IPCE value of ND2 is attributed to a small free energy of electron injection (∆Ginj) for 
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photoinduced electron transfer from the dye to TiO2 at only 160 mV (Figure S6). The low IPCE 

value for ND3 is attributed to a low driving force for dye regeneration (∆Greg) with the I–/I3
– redox 

shuttle of only 400 mV when ≥550 mV is commonly needed for efficient regeneration (Figure 

S6).[60] 

Dye loading studies were undertaken to evaluate the effect of each donor on the amount 

of dye deposited on the TiO2 electrode. The highest dye loading was obtained with the TAA dye 

AP25 at 1.54 x 10–7 mol/cm2. The remaining dyes follow the trend: ND3 (1.23 x 10–7 mol/cm2) > 

ND2 (1.06 x 10–7 mol/cm2) > ND1 (1.02 x 10–7 mol/cm2) (Table 2). The dye loading trend is 

different to the simplified trend often analyzed computationally for the donor diameters which 

were measured to be between 8.4 Å and 26.4 Å as follows: ND2 (8.3 Å) < ND3 (10.3 Å) < AP25 

(25.0 Å) < ND1 (26.4 Å) (Figure S11).  Notably, these two measurements do not need to correlate 

since the dye-dye packing, dye orientation, and aggregation events can all perturb dye loading 

values but are not accounted for in the donor size computational analysis. Given that ND1 has a 

33% lower dye loading than AP25 this can account for the relatively higher peak IPCE value of 

AP25. Fabrication of DSC devices with an additional 5 µm TiO2 active layer thickness with ND1 

led to a a 16.5 mA/cm2 device (6.3% PCE) which illustrates the low loading of ND1 limiting light 

absorption to be a primary factor when AP25 and ND1 are compared at typical 10 µm TiO2 

thicknesses. 

Small modulated photovoltage transient (SMPVT) measurements were undertaken to better 

understand how the donor perturbs the charge separation lifetime which is a measure of the 

recombination rate of electrons in TiO2 with the electrolyte as a function of applied light intensity 

(Figure 7).[70-71] The electron lifetime  
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Figure 7:  Small modulated photovoltage transient electron lifetime in TiO2 for ND1, ND2, ND3, and AP25 
based devices.  

 
 
Figure 8: Nyquist Plot (left) and Bode plot (right) of ND1, ND2, ND3, and AP25. 

 

in TiO2 of the devices follows the order AP25 > ND1 > ND3 > ND2. Electrochemical impedance 

spectroscopy (EIS) experiments were also conducted on each of the dyes at open-circuit potential 

bias to probe electron transfer resistances and electron lifetimes via a second technique in the 

dark (Figure 8, Table S4). EIS studies with the Bode plot (Figure 8) show an identical electron 

lifetime in TiO2 trend to that observed with SMPVT. The low frequency peak value (f) of each 

 



19 
 

curve on the Bode plot is related to the electron lifetime in TiO2 through the formula τTiO2 = 

1/(2πf). Furthermore, analysis of the Nyquist plot shows that charge recombination resistance 

(Rrec) across the TiO2-dye-electrolyte interface (large semi-circle) is smallest for the ND2 devices 

and largest for AP25 and ND1 based devices (Figure 8, Table S2). Charge collection efficiency (ηcc) 

is calculated via the equation, ηcc = 1/(1 + (RCE/Rrec)), where RCE is the electron transfer resistance 

at the counter electrode-electrolyte interface (the smaller semi-circle) and is small (<10 Ω) in all 

cases. Notably, the devices all have good ηcc values that range from 81% to 96% (Table S4).  

 

 

The trend in electron lifetimes observed by both SMPVT and EIS measurements is a result of 

the balance of donor size versus dye loading amounts. While AP25 has the second largest donor 

(5% smaller than ND1), AP25 does have the highest dye loading (33% more than ND1) which 

leads to a higher coverage of the TiO2 surface than the larger donor ND1 dye. This example shows 

a case where dye loading was a more important factor for surface coverage than donor size. The 

opposite observation is made when ND3 and ND1 are compared. ND3 has a 17% higher dye 

loading than ND1, but is a substantially smaller donor (61% smaller) which leads to a better 

surface protection from ND1. Thus, the balance between dye loading and donor size is critical to 

accessing the highest performing system, and should be studied for promising chromophores. 

  
 

Conclusion 

Four metal-free organic sensitizers absorbing into the NIR region of the electromagnetic 

spectrum were compared to study the effect of varying the nitrogen-based donor group through 
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the use of the Hagfeldt, carbazole, indoline and triarylamine donors. Dye energetics and the 

effects of the donor groups on the behavior of the dyes were probed via absorption spectroscopy 

and cyclic voltammetry (in solution and on TiO2). The donor groups were found to have a 

significant influence on both the ground and excited state energies. Computational studies reveal 

that all of the dyes are intramolecular charge transfer systems upon photoexcitation with orbitals 

well positioned for facile photoinduced interfacial charge separation at TiO2. Dye-sensitized solar 

cell devices were studies through current-voltage curves, incident photon-to-current conversion 

efficiencies (IPCEs), small modulated photovoltage transient spectroscopy, electrochemical 

impedance spectroscopy, and dye loading density studies. These results show that a balance 

between donor size and dye loading must be reached for optimal performance in this system. An 

examples is presented where the donor group is large but the dye loading is lower leading to a 

lower performing system. Conversely, a case is presented where the dye loading is higher but the 

donor group is small which also leads to a lower performing system. These results may explain 

the popularity of the triarylamine in my dye-sensitized systems despite the known benefits of 

bulky donors if high dye loadings can be achieved.[30] This work highlights the necessary 

evaluation of donors of similar electron donation strengths with new chromophores for dye-

sensitized applications since the dye loading is contingent on a number of difficult to predict 

factors. Future studies on this chromophore system are planned since it has shown on of the 

highest photocurrent systems known in the DSC literature with relatively deep NIR photon use 

for the DSC field. Continued studies in this spectral region are critical to improving many 

applications including multi-junction solar cell systems that work in harmony with existing high 

performing solar cell technologies. 
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