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ABSTRACT 

 

The excited state relaxation dynamics of D149, one of the metal free substituted indoline 

dyes used in dye sensitized solar cells, is studied in whole composition range of BmimBF4-

acetonitrile binary mixture by using time-integrated absorption, emission and time-resolved 

transient absorption (TA) spectroscopies. The comparative analysis of absorption and emission 

spectra indicate that the value of Stokes shift reduces monotonically with decreasing mixture 

polarity. The global analysis of time-resolved TA spectra indicates the presence of four different 

time components related to different processes in the excited state of the dye. Importantly, the 

observed timescales are highly sensitive to composition, polarity and viscosity of the binary 

mixture. Increase of viscosity and decrease of polarity observed for increasing ionic liquid 

content in the mixture, lead to overall increase in the emission lifetime (S1-S0) of D149. At 

lower ionic liquid mole fraction (XIL = 0.1), the emission lifetime, shows a minimum that can 

be traced back to the change from the situation where the local environment of the dye is 

dominated by the interactions in acetonitrile to that where it is dominated by those in BmimBF4.  

This also is reflected in the occurrence of a minimum in relative quantum yield in the same 

range of XIL. The origin of the other moderately long-time component (33 ps in ACN-120 ps in 

BmimBF4) is still debatable; however, for pure ionic liquid and all the mixtures, the 

composition dependence of this timescale is similar to that of the longest emission lifetime. 

 

1. INTRODUCTION 

After the invention of Dye Sensitized Solar Cell (DSSC) by Grätzel and O’Regan in 1991,1 

scientists got new areas of interest related to optimization of the efficiency of this type of solar 

cell. DSSC is a 3rd generation photovoltaic device whose power conversion efficiency (PCE) 

exceeds 14%.2–4 The overall efficiency of DSSC depends on three factors which are light 

absorption efficiency of the dye, charge injection efficiency of photoexcited charge carriers and 
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charge collection efficiency in the electrodes.5 Thus, the two key components for DSSC overall 

efficiency are the electrolyte and the sensitizer (dye). There are number of theoretical and 

experimental publications dedicated to optimizing the cell efficiency of DSSC by varying these 

two components.6–10  

Nowadays, ionic liquids (ILs) are considered as an electrolyte due to some of their 

interesting properties over traditional solvents like stability, high conductivity, large electric 

potential window.11,12 Despite all these advantages of ILs, their high viscosity and high cost 

limit their use in DSSC. A trade-off between the desired and undesired properties is obtained 

when IL is mixed with a molecular solvent at a specific mole fraction.13 In this way, both the 

electrolyte viscosity and the cost of DSSC can be decreased. 

The values of densities, viscosities14,15 and conductivities16 of different ionic liquid- 

molecular solvent (IL-MS) binary mixtures are well-documented.  For instance, Stoppa et al. 

showed an initial increase of ionic conductivity in several ionic liquid-polar solvent mixtures 

due to the increase in the number of ions; however, after reaching the maximum at XIL ≈ 0.1-

0.25 (varies between binary mixtures), the conductivity value starts to decrease due to increase 

in viscosity (and consequently, decrease of ion mobility) of the mixtures. According to Buchner 

et al., IL-MS mixtures behave like lubricated ionic liquid down to XIL ≈ 0.2. Below that 

concentration, their properties are similar to the conventional electrolyte solutions. In the 

transition region at XIL ≈ 0.2, the redissociation of the ion pairs of IL occurs that eventually 

helps to build an IL-like structures.17 However, the notion of polarity of these IL-MS mixtures, 

that is important when studying the photophysics of a dye, is quite contradictory. Indeed, the 

solvatochromic polarities of ILs are quite high (same range as short chain alcohols), while their 

statistic dielectric constants are quite low (same range as medium chain-length alcohols like n-

pentanol).18 Due to the presence of ions in the IL-MS mixture, the concept of polarity is not 

similar to the one which we are used to in the case of conventional solvents.18,19  

Another important component of DSSC is the photosensitizer (dye) and its optimization 

has been addressed in several papers.20–26 Traditional dyes with metal center can be replaced by 

the metal free organic ones, namely D205, D149, D102, D131 etc., with common substituted 

indoline donor moiety D.27 These are more environment friendly and less expensive compared 

to the dyes with metal centers.25 These type of organic dyes were designed to have a donor-

anchor group-acceptor (D-π-A) structure. Therefore, the charge transfer occurs from the donor 

unit to the acceptor unit and the electron injection to the electron transporting layer (ETL) 

occurs through the electron withdrawing anchor group (like -COOH, -SO3H group).25 

 The overall efficiency of DSSC primarily results from effective light absorption by 

photosensitizer followed by the injection of photoexcited charge carriers to the ETL. The 

reasons behind the decrease in the efficiency of DSSC are the occurrence of reverse processes: 

back charge transfer to sensitizer and direct recombination between electron and hole 

transporting layers. Several reports show a scheme of different dynamical processes within a 

typical DSSC.5,28,29 According to these, all the forward reactions that are helpful for the higher 

efficiency of DSSC are quite fast as compared to the unfavorable electron recombination from 

semiconductor conduction band to the sensitizer or to the redox pair. Hence, these are not very 

disadvantageous to DSSC; however, sometimes the lifetime of the sensitizer molecule in the 

excited state (depending upon the type of sensitizers used in DSSC) is comparable to the 

forward reactions rate in DSSC and can cause decrease in the efficiency of the solar cell.25 
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Therefore, studies of the excited state dynamics in the sensitizers are necessary for further 

development of DSSC. 

Some recent reports have also dealt with the excited state dynamics of the indoline-

based dyes, that are a promising class of photosensitizers, dissolved in various neat solvents 

differing by their ability to form hydrogen bond, polarity and viscosity.30–35 For instance, Fakis 

et al. used femtosecond up-conversion spectroscopy to study the dynamics of D149 in different 

organic solvents and PMMA films.32 Then Lohse et al. used femtosecond pump-

supercontinuum probe (PSCP) spectroscopy and time correlated single photon counting 

(TCSPC) to get an idea about D149 photophysics in different organic solvents.30 El-Zohry et 

al. published a series of papers on the excited state in the D149 dye. All of these reports together 

give idea about different excited state processes in the D149 dye like photoisomerization and 

aggregation,33 excited state proton transfer (ESPT)35 and ultrafast twisting around vinyl double 

bond in D149 donor moiety.34 Additionally, Lin et al. also showed that isomerization process 

of the sensitizer affects the efficiency of the cell.31 All these competitive processes result in 

decrease in the efficiency of the solar cell. The authors also suggested these competitive 

processes could be countered by attaching the dye to a semiconductor oxide electrode33 and 

introducing quasi solid32 and solid33 states as the medium surrounding the dye molecules.  

These investigations show that the D149 relaxation dynamics consists of four different 

timescales of which two faster ones are related to solvation dynamics.30,32,34  Furthermore, the 

relaxation of excited state of the dye (D149) contains two more timescales which are quite 

longer than the solvation dynamics timescales. The faster one was attributed previously to 

vibrational relaxation/structural relaxation of the dye excited state.30,32 However, El-Zohry et 

al. showed that this fast relaxation timescale is due to a twisting motion around the double bond 

in the donor unit of the dye.34 The other, slow relaxation time was previously attributed to S1-

S0 decay of the dye molecule.30,32,34 This slow component also depends on the polarity of the 

medium surrounding the dye.30,32  

Surprisingly, we are not aware of any investigation of the photophysics of the D149 in 

IL or in IL-MS mixture.  However, there are many studies where Coumarin 153 (C153) was 

used as model dye to rationalize its solvation dynamics in ILs. 36–41 For instance, in a mixture 

of C153 with ILs there is a convergence to interpret the sub-picosecond relaxation time as 

related to the inertial motions of the solvent and ions and the slower one as related to the 

structural reorganization of the ions surrounding the solute (dye) molecule.36–41 It was also 

found that the solvation dynamics in IL is slower as compared to that in common solvents such 

as acetonitrile, methanol, and water. In particular, the solvation dynamics of C153 in BmimBF4 

showed that the overall solvation process has two time constants of 278 ps and 3.98 ns.42 The 

work of Maroncelli et al. showed that solvation times of C153 display an approximate power 

law relationship with viscosity of solvent mixture of BmimBF4 and acetonitrile.41,43 According 

to a review by Samanta, solvation processes in ionic liquids are not similar to those in organic 

solvents. The dipole-dipole interactions are dominant in the case of pure organic solvents, while 

in ionic liquids the interactions between charged groups of the ions and polar molecules of 

solute play the major role in the solvation process. The orientational relaxation of free ions also 

plays an important role in solvation dynamics of those compounds.36 

Furthermore, there are very few studies on the excited state dynamics of dyes (other 

than D149)  in IL-MS binary mixtures.44–48 Due to the presence of ions in ionic liquids, 
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molecular interactions in IL-MS mixtures are quite different as compared to those in common 

organic solvents and this difference results in considerable change in the excited state dynamics 

of a dye molecule.  For instance, the effect of the mixture composition of HmimNTf2-ACN on 

the solvation dynamics of 12'CA was investigated. It was found a rise in the emission lifetime 

of the S1 state with increasing mole fraction of ionic liquid, which was explained by stabilization 

of S1 state due to increasing polarity of the corresponding IL-MS mixture.49  

To sum up, there are many reports focused on unraveling the excited state properties of 

D149 in different molecular solvents;24,30,32–35,49–51 however, to our best knowledge there is no 

any investigation of the excited state relaxation of D149 in IL-MS mixture.  In our present work, 

we will fill the gap, and we are going to quantify the excited state relaxation times of D149 in 

the whole mixture composition range of aprotic solvent (acetonitrile), and 1-Butyl-3-

methylimidazolium tetrafluoroborate (BmimBF4) as well as in the neat components. The 

analysis of the dependence of these relaxation times on the composition, viscosity and polarity 

of the IL-MS mixture also allows us to assign them. 

The paper is then organized as follow: in the second section we will give details on the 

experimental setup (stationary and time resolved ones) as well as on the data processing.  In the 

third section, we will present and discuss the results and finally a conclusion is given in the 

fourth section.  

 

2. EXPERIMENTAL SECTION 

2.1. Chemicals: 

 

The D149 dye (98%) and acetonitrile, ACN (≥ 99.9%, HPLC) were bought from Sigma Aldrich. 

The Imidazolium ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate, BmimBF4 (≥ 

98%) was bought from Solvionic. The ionic liquid and molecular solvent were stored under 

inert argon atmosphere to keep them away from the moisture. All binary solvents mixtures were 

prepared and kept inside the argon atmosphere glove box. The optical cuvettes were also filled 

with the samples inside the glove box just before the experiment to minimize the risk of 

introducing impurities. The structures of the ionic liquid and D149 dye are shown in Figure 1. 

 
Figure 1: Structures of (A) Bmim cation, (B) BF4 anion and (C) D149 dye. 
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2.1. Steady State Spectroscopy: 

Steady state absorption and emission spectra of all samples were measured on Varian Cary 100 

and on Jobin Yvon Fluoromax, respectively. 2 mm cuvettes were used for all the steady state 

measurements. 

 

2.2. Femtosecond Transient Absorption (TA) Spectroscopy: 

Femtosecond transient absorption setup used in this research has been described elsewhere.52 

First, the output of Coherent sapphire oscillator Micra 10 is amplified using Coherent Legend 

Elite. The output pulse (3.5 mJ and 45 fs time duration at 800 nm) is then divided into two 

pulses. The first, strong one (energy ≤ 15 μJ) passes through the optical parametric amplifier 

(Opera Solo) to create the pump pulse at 460 nm wavelength for the excitation of the sample. 

The second, weaker pulse goes through a CaF2 crystal for the generation of white light 

supercontinuum probe pulse. After the excitation with the pump pulse, the delayed probe pulse 

passes through the same area of the sample and the transient absorption (TA) spectra is collected 

by using a spectrometer. The wavelength range of the probe beam for our experiment was 

chosen from 470 nm to 750 nm. The instrument response function (IRF) of the setup is 90 fs 

and it was calculated from the TA signal of pure acetonitrile in short delay range (this way 

pump-probe cross-correlation was detected and fitted using a Gaussian function). 

 

2.3. Data Analysis: 

After receiving the experimental TA time-resolved spectra, the first step is to perform global 

analysis. In this process, generally we refine the enormous amount of raw data into relatively 

small number of time independent spectra, each of them associated with a particular excited 

state process, characterized by a single time constant. The details are given in section 3.4.  

 

3. RESULTS AND DISCUSSION 

 

3.1. Steady state absorption and fluorescence spectra: 

Steady state absorption and emission spectra of D149 in BmimBF4-ACN mixtures are shown 

in Figure 2. The absorption spectra (red) contain two peaks corresponding to two different 

transitions-higher frequency S0-S2 and lower frequency S0-S1 with maxima at ~ 390 and ~ 530 

nm, respectively. 
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Figure 2: Normalized absorption and fluorescence spectra of D149 dye in BmimBF4-ACN 

mixture at different mole fractions (𝜆excitation= 460 nm). 

According to the work of Le Bahers et al, both S0-S1 and S0-S2 absorption band were 

assigned to 𝜋-𝜋∗ transitions with charge transfer (CT) characteristics.53 The S0-S1 band is red 

shifted in pure BmimBF4 (𝜆Max
Abs  = 542 nm) compared to pure acetonitrile (𝜆Max

Abs  = 531 nm). 

There are some previous studies where a similar red shift of absorption maxima was observed 

in 12'CA molecule and other carotenoids in different organic solvents, ionic liquids and even 

in HmimNTf2 and ACN binary mixtures and it was explained by the change of solvent 

polarizability defined by polarizability parameter (𝛥𝑅).49,54–56 Recently, Zho et al. also reported 

similar red shift of absorption maxima of pyrene in N-butylpyridinium tetrafluoroborate-ACN 

binary mixture while increasing IL concentration.57 They have discussed the effect of change 

of microstructure surrounding the dye and interactions between dye and ionic liquid alongside 

the effect of increasing viscosity as possible explanations for this behavior. Also, this red shift 

of absorption maxima of D149 was also seen in organic solvents.30 All the values of absorption 

and emission maxima, polarity function (Δf) and polarizability function (𝛥R) in our system are 

given in Table 1. It is clearly seen that, both the values of polarizability parameter (𝛥𝑅) of the 

medium and absorption maxima of the dye (𝜆Max
Abs ) rise with increasing mole fraction of ionic 

liquids in the mixture. While increasing ionic liquid mole fraction, the more polar excited state 

(µe = 36.54 D)53 of the dye interacts stronger with the surrounding medium than the less polar 

ground state (µg = 19.22 D),53 which eventually causes the gradual increase in red shift of the 

absorption maxima of the dye. 

 

Table 1: Different steady state characteristics of D149 in BmimBF4-ACN mixtures. 

 

𝑿𝐁𝐦𝐢𝐦𝐁𝐅𝟒
 

𝝀𝐌𝐚𝐱
𝐀𝐛𝐬  

(nm) 

𝝂𝐌𝐚𝐱
𝐀𝐛𝐬  

(cm-1) 

𝝀𝐌𝐚𝐱
𝐄𝐦  

(nm) 

𝝂𝐌𝐚𝐱
𝐄𝐦  

(cm-1) 

𝝂𝐒𝐭𝐨𝐤𝐞𝐬 

(cm-1) 
𝜟𝒇* 𝜟𝑹* 

0 531.0 18727.6 665.0 14442.1 4285.5 0.71 0.212 

0.05 532.0 18648.0 666.0 14382.8 4265.2 0.70 0.213 

0.10 534.0 18633.4 668.0 14409.8 4223.6 0.69 0.216 
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0.20 536.5 18539.5 667.0 14365.9 4173.6 0.68 0.219 

0.50 539.5 18446.9 659.0 14540.3 3906.6 0.63 0.230 

0.80 542.0 18378.4 649.5 14799.0 3579.4 0.59 0.241 

1 542.5 18353.5 644.0 15025.1 3328.4 0.57 0.247 

 

* Δf = (ε-1)/(ε+2)-(n2-1)/(n2+2), 𝛥𝑅 = (n2-1)/(n2+2), here ε and n are the values of dielectric 

constants17 and refractive indices17 of the binary mixtures of different compositions 

The emission spectra (Figure 2, black) of D149 corresponds to S1-S0 transition and this 

is red-shifted compared to the absorption band. Emission band has a very weak vibronic 

shoulder.34 Emission maxima positions show an overall blue shift while decreasing the polarity 

of the solvent mixture (𝜆Max
Em  = 644 nm in BmimBF4 while 𝜆Max

Em  = 665 nm in acetonitrile) (Table 

1, Figure 3(A)). However, the initial red shift (XIL ≤ 0.1) of emission maxima is an indication 

of stabilization of excited state in the dye. In general, the emission maxima values of dye are 

sensitive to local environment. Therefore, this initial red shift could be due to some interactions 

between the dye and the surrounding medium.  

In Figure 3(B), the changes of Stokes shift in D149 are shown with respect to XIL in the 

BmimBF4-ACN binary mixtures. The Stokes shift decreases with increasing mole fraction of 

ionic liquid. According to Lohse et al., the increase of Stokes shift for D149 in pure solvents is 

due to the medium polarity.30 The solvatochromic polarity parameter (𝐸𝑁
𝑇) of BmimBF4 is 

higher than that of polar aprotic ACN.58–60 According to a previous report by Manchini et al., 

𝐸𝑁
𝑇 values of BmimBF4-ACN mixtures also increased while increasing XIL;61 however, in case 

of ionic liquids, polarity of the medium is not so easy to describe. According to Wakai et al.,18 

the concept of polarity in ionic liquids is different than that of conventional solvents due to 

presence of charged species in the medium. Stoppa et al.17 measured dielectric constant (𝜀) of 

BmimBF4-ACN binary mixture at different IL mole fractions using dielectric relaxation 

spectroscopy (DRS). Although there was an initial increase at very low XIL of BmimBF4 (XIL 

≤ 0.01), overall values of 𝜀 show a gradual decrease from pure ACN to pure BmimBF4. Indeed, 

our Stokes shift data show the correlation with 𝛥𝑓 calculated from dielectric constant (𝜀) values 

instead of spectroscopic polarity parameter 𝐸𝑁
𝑇 values calculated in BmimBF4-ACN mixtures. 

As the values of polarity parameter (𝛥𝑓 ) decrease, the Stokes shift values of the dye in 

BmimBF4-ACN binary mixtures also decrease while increasing ionic liquid mole fractions, 

although the correlation is not linear. 
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Figure 3: (A) Change of absorption and emission maxima and (B) change of Stokes shift 

against mole fraction of ionic liquid in BmimBF4-ACN binary solvent mixture. 

 

3.2. Relative Quantum Yield: 

From the steady state absorption and emission spectra, we can get an idea about relative 

quantum yield of the dye in solvent mixtures, which can be expressed as the area under the 

emission spectra normalized with respect to absorption at excitation wavelength of 460 nm. 

Previously relative quantum yield was shown in case of D149 in pure solvents by El-Zohry et 

al.33 In Figure 4, we can see the change of relative quantum yield of the dye D149 with IL mole 

fraction in BmimBF4-ACN mixture.  

 
Figure 4: (A) Emission intensities normalized to absorption at 𝜆excitation  (460 nm) in 

BmimBF4-ACN binary mixtures, (B) areas under the curve in panel (A) (i.e. relative quantum 

yield). 

 

Quantum yield (relative quantum yield in our case) gives the idea about the relaxation of the 

excited state in the dye to its ground state. In Figure 4(B), an overall increase of 𝜙relative is seen 

while increasing BmimBF4 mole fraction; however, there is an initial decease at very low XIL 

(XIL ≤ 0.1). The relative quantum yield value is highest for pure BmimBF4. We have set the 

value of 𝜙Relative in ACN to 1 to get an idea of its change with different mole fractions of ionic 
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liquid, the reported experimental quantum yield of D149 in ACN is 4.64%.34 While interpreting 

the dependence of 𝜙relative  on the mole fraction, we have to keep in mind that, we are 

decreasing polarity17 and increasing viscosity15 of the medium by increasing XIL. It was 

previously documented by Lohse et al. that, S1-S0 transition is dominated by internal conversion 

(IC) with minor contribution of radiative decay.30 The decrease in polarity of the medium results 

in a smaller contribution of the non-radiative IC to the deactivation of S1, which will eventually 

increase the value of quantum yield. In the higher mole fraction region of ionic liquid, the 

viscosity change is very high as compared to polarity change of the medium. Unlike polarity, 

viscosity of BmimBF4-ACN binary mixture increases while increasing mole fraction of 

BmimBF4. Previous report suggested an increase of lifetime of D149 due to blocked internal 

motion of the dye in highly viscous solvents.34 This damping of internal motion results in 

decreasing the non-radiative decay process and as a result, 𝜙relative values rise while increasing 

XIL. Therefore, both polarity and viscosity of the mixture help to explain the overall increase of 

the relative quantum yield at larger XIL; however, the minimum at XIL = 0.1 might indicate 

some kind of interaction between the dye and the medium which eventually increase the rate of 

non-radiative decay processes. 

Overall, the steady state results suggest that, at XIL = 0.1 the emission maximum position is 

highest (668 nm in Table 1) while 𝜙relative is lowest. The highest 𝜆Max
Em  value suggests lowest 

S1-S0 energy gap, which seems opposite to the lowest 𝜙relative value apparently. This can be 

explained considering the fact that, decreasing S1-S0 energy gap increases the rate of non-

radiative IC process which eventually results in lower 𝜙relative value.30,49 A minimum at XIL = 

0.1 also occurs in the values of emission lifetime after TA global analysis, which will be 

discussed later while discussing transient absorption results. 

 

3.3. Femtosecond Transient Absorption spectroscopy: 

With the goal to study the excited state dynamics of D149 dye in IL-MS mixture at different IL 

mole fractions, femtosecond transient absorption measurements were performed. Based on the 

time-integrated absorption measurements, the excitation maximum at 460 nm was chosen in 

order to excite the dye to its first excited (S1) state. For better comparison of the results, similar 

excitation wavelength was used to excite all the samples. The measured probe wavelength 

region was from 470 nm to 750 nm. 

All the transient absorption spectra of D149 in BmimBF4-ACN binary mixtures are 

shown in Figures 5 and S1-S6. First, we are going to discuss different spectral features in 

transient absorption data for D149 in pure BmimBF4.  
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Figure 5: Transient Absorption spectra of D149 in BmimBF4, (A) short timescale (100-900 fs), 

(B) middle timescale (1-150 ps), (C) long timescale (200-1500 ps), (D) solvation timescale. 

Dashed spectra are steady state absorption (green) and emission (blue) spectra. 

 

To make the analysis of the transient absorption spectra (TAS) of D149 in BmimBF4, we have 

split the data into three different time regions (Figures 5A-C). 

In Figure 5(A), first a negative (ground state bleach (GSB)) band appears due to the 

depopulation of ground state (S0) which leads to the population of the excited state (S1) in the 

D149 dye. Furthermore, the spectral overlap between the time-integrated absorption and GSB 

indicates that the latter is a result of S0-S1 absorption. The bleach band increases within the first 

400 fs and then its intensity starts decreasing due to the recovery of the ground state. Also, in 

550-750 nm region, the transient absorption signal is positive due to excited state absorption 

(ESA) from the excited (S1) state. Within 1 ps, the positive ESA band with maximum at 600 

nm starts increasing while its part above 650 nm starts decreasing. 

In Figure 5(B), we observe gradual reduction of the GSB band with the increase of 

pump-probe time delay as a result of recovery of S0 state. At the same time, ESA with the 

maximum at 600 nm gradually increases within few teens of ps due to geometry relaxation (vide 

infra). After 20 ps, the positive band between 650-750 nm becomes negative. The comparison 

of transient absorption spectra with time-integrated absorption and emission suggests that the 

contribution of the negative signal in the range of 650-750 nm results from stimulated emission 

from S1 to S0. At the beginning, the signal within this region was positive because of the 

excitation which results in a population of higher vibronic levels in S1 and/or in a population of 
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geometrical form of D149, both dissipating non-radiatively the excess energy, giving rise to the 

low vibronic level emitting form. The negative signal rises within few teens of picoseconds 

similar to ESA. As both ESA and SE characterize the S1 state, the observed rise is due to 

geometry relaxation of D149.30 Hence, the initial ultrafast decay of positive signal in the region 

of SE is dominated by vibrational and geometrical relaxation of the dye.  

In both Figures 5(A) and 5(B), first we observe the excited state absorption on the 

ultrafast timescale followed by the stimulated emission. Moreover, the reduction of D149 

excited state due to geometry and vibrational relaxation results in a shift of emission maximum 

towards longer wavelengths, and thus the minimum in transient absorption spectra appears at 

approximately 660 nm (Figure 5(D)).   

Finally, in Figure 5(C), we can see the reduction of transient absorption spectra in the 

whole spectral region due to S1-S0 transition which is in agreement with previous reports (vide 

infra).30,32 Although the TAS of D149 in pure ACN and in the binary mixtures with BmimBF4 

have almost similar characteristics to the TAS of D149 in BmimBF4, there is a slight difference. 

In Figures S1(B)-S6(B), the rise in ESA and SE bands of D149 is shorter in the binary mixtures 

and in pure ACN than in pure BmimBF4. This is mainly due to faster geometry relaxation of 

excited state in the dye related to the decreasing viscosity of the surrounding medium. 

We have also studied the effect of composition change on TA spectra. Of note is that 

Figures S1-S6 illustrate the D149 relaxation in a mixture which viscosity and polarity (as 

quantified by the experimental dielectric constant) are modulated by the mixture composition. 

The polarity is increasing when adding ACN to BmimBF4 while the viscosity decreases. The 

shape of the ESA for D149 in ACN, is similar to that published by Lohse et al.37 Two main 

spectral regions characterize the relaxation of the D149 in the studied mixture. The one located 

between 488 nm and 588 nm is associated with the GSB. The position of crossover region of 

the GSB and ESA is dependent on the mixture composition and on the time evolution of the 

TAS.  The second spectral region is located between 588 nm and 750 nm and is characterized 

by a strong overlap between the ESA that covers this whole spectral region at early times and 

the SE that is characterized by a deepening around 652 nm, the extent of which is both time and 

mixture composition dependent. The SE contribution is red shifted as it is illustrated in panel 

D of Figures 5 and S1-S6. This shift determines to a large extent the structuration of the shape 

of the ESA into one or two spectral contributions centered at 599 nm and 734 nm, respectively. 

Lohse et al. noticed that the intensity of the lower wavelength contribution is high in polar 

solvent such as ACN and MeOH, while that of the higher wavelength contribution is reduced. 

This is a result of the increase of the spectral overlap between the higher wavelength ESA and 

the SE contribution because of the gradual redshift of the SE band. In less polar solvent such as 

THF, Lohse et al.30 shows that the SE signal emerges at lower wavelength than that of the ESA 

observed at higher wavelengths. As a result, this contribution remains visible in this solvent. 

The evolution of the shape of ESA as a function of XIL is consistent with this interpretation. 

Indeed, in neat ionic liquid that is characterized by a low polarity (compared to that of ACN), 

the two contributions in the ESA are well resolved while in neat ACN the component at higher 

wavelengths is not visible. The time and XIL dependence of the SE shift is illustrated at a chosen 

delay time 500 fs, 1 ps, 30 ps and 150 ps in Figure 6. It shows that the SE contribution is 

dependent on the polarity of the mixture. It is located at shorter wavelength as compared to that 

in ACN. As a consequence, the highest wavelength ESA contribution decreases with increasing 
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ACN content in the mixture. Concomitantly the ratio between the contributions of ESA located 

at shorter and longer wavelengths is increasing. These differences in the shape of TA spectra at 

different pump-probe time delays (500 fs-150 ps) suggest the influence of the surrounding 

medium on the geometry/energy of the photoexcited dye molecule. 

 
Figure 6: Transient absorption spectra of D149 in pure ACN, BmimBF4 and their binary 

mixtures at different times [(A) 500 fs, (B) 1 ps, (C) 30 ps and (D) 150 ps]. 

 

3.4.Global analysis of transient absorption data: 

The global analysis of the transient absorption data was carried out using a MATLAB based 

tool called ultrafast Toolbox.62 In that case, the transient absorption signal is described as a sum 

of first order processes each characterized by a rate constant 𝑘𝑖. 

𝛥𝐴(𝑡) = 𝐼0 + ∫ 𝑑𝑡′ ∑ 𝐴𝑖(𝜆)𝑒−𝑘𝑖𝑡′
𝐼𝑟𝑓(𝑡 − 𝑡′)𝑚

𝑖=0
∞

−∞
       (1) 

Where I0 is the offset, m is the number of processes and Irf  is the instrumental response function 

(IRF) 

 𝐼𝑟𝑓(𝑡) = exp (− (
𝑡

𝜏𝑖𝑟𝑓
)

2

)          (2) 
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The IRF is obtained from the transient absorption signal of pure acetonitrile on very fast 

timescale where 𝜏𝑖𝑟𝑓  is the instrument response time. The wavelength dependent pre-

exponential factor Ai(λ) forms a separate time independent decay associated spectrum (DAS) 

for each rate constants 𝑘𝑖, that corresponds to a decay time 𝜏i = (𝑘𝑖)−1.  

There are previous reports suggesting that for D149 in pure ACN and in other organic 

solvents, the global analysis of transient absorption spectra results in a good fit when four 

components are used.30,32,34 Our analysis of all the TA spectra of D149 in different solvents 

starting from pure ACN to pure BmimBF4 also leads us to four different time components which 

are shown in Table S1. To learn about the nature of these time constants, we need to take a 

closer look on the DAS related to each of them, which is discussed in the next section. 

 

3.5. Decay Associated Spectra (DAS): 

In Figures 7 and S13-S17, all the DAS of D149 in different solvents are shown. For the 

discussion, we focus on DAS of D149 in ACN (Figure 7(A)) and BmimBF4 (Figure 7(B)) only. 

We can cover the other DAS also by discussing these two. 

 
Figure 7: Decay Associated Spectra of D149 in (A) Acetonitrile and (B) BmimBF4. 

 

In Figure 7, the spectra related to longest time component (𝜏4, green) show almost similar 

characteristics (negative GSB and SE, positive ESA). The DAS related to two comparatively 

smaller time components (𝜏1 and 𝜏2, black and red) show opposite signs compared to the spectra 

related to 𝜏4 (mainly in the ESA and SE regions), which indicates that both 𝜏1 and 𝜏2 are rise 

components. Also, the characteristic shift between these two spectra of 𝜏1 and 𝜏2 in the longer 

wavelength region shows that they can be attributed to solvation dynamics. However, the 

behavior of the DAS associated with 𝜏3 is different in the case of ACN and BmimBF4. In pure 

BmimBF4 and in its mixtures with ACN (Figures S13-S17), the 𝜏3 spectra show similar behavior 

to 𝜏1 and 𝜏2 (i.e. opposite sign to 𝜏4 in ESA and SE region of TA). Thus, the 𝜏3 can originate 

from processes in the excited state which are not related to the decay to the ground state. In 

contrary, the 𝜏3 DAS for D149 in ACN has the same sign as the one of 𝜏4. Thus, it can be 

associated with decay process of some short-lived populations of excited (S1) state of the dye 

that could correspond to a different geometry for example. 
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3.6. Fitted kinetic traces: 

In Figures 8 and S7-S12, we have plotted the representative kinetic traces with their fits from 

global analysis at three different wavelengths of the transient absorption spectra of D149 in 

pure BmimBF4, ACN and their binary mixtures at different IL content. The wavelengths were 

chosen to show dynamics within representative spectral ranges of TA spectra (GSB, ESA and 

SE). As the traces are almost similar, describing the traces of D149 in BmimBF4 will be enough 

to understand other. 

 
Figure 8: Experimental (hollow circles) and fitted (line) kinetic traces of D149 in BmimBF4 at 

different wavelengths 525 nm (black), 600 nm (red) and 720 nm (blue) of TA spectrum. (A) 

long timescale (0-1.5 ns), (B) short timescale (0-15 ps). 

 

In Figure 8(A), the TA decay at 525 nm for D149 in pure BmimBF4 is shown. This 

wavelength falls in the GSB region of the TA spectra and it shows a sharp rise of negative signal 

and then a recovery with time constant corresponding to the emission lifetime of 912.43 ps in 

case of BmimBF4. We can see an additional fast decay at very short times (Figure 8(B)) and 

this is due to solvation dynamics of the medium. At 600 nm, the trace shows S1-Sn ESA and at 

720 nm, there is an overlap between S1-Sn ESA and S1-S0 SE (Figure 8(A)). The final decay at 

600 nm and 720 nm is also due to the repopulation of S0 state. In Figure 8(B), also for these 

two wavelengths we can see an initial rise due to the solvation dynamics. These initial rises are 

different in the kinetic traces of D149 in different binary mixtures and in pure ACN (Figures 

S7(B)-S12(B)), which indicates that this process is dependent upon different properties 

(polarity, viscosity) of the medium surrounding the dye. 

 

3.7. Discussion of Four Global Analysis Time Constants: 

As mentioned before, the four time components describe the D149 relaxation at various 

mixture compositions. The values in ACN are consistent with the literature data on the D149 in 

this solvent. Of note is that in the case of 𝜏1and 𝜏2, similar values were reported for D149 in 

various solvents such as tetrahydrofuran (THF), dichloromethane (DCM), acetone (ACT), 

ethanol (EtOH) and methanol (MeOH)30,34 and also for similar dyes having almost the same 

structure such as D102 and D131. The two shorter time components 𝜏1 and 𝜏2 were assigned to 
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the solvent relaxation as  reported in a seminal work by Maroncelli43 and they were evidenced 

in the relaxation process of many dyes including the D149.30,34 Furthermore, El-Zohry et al. 

assigned these relaxation times to the intramolecular vibrational redistribution (IVR).34 In that 

study the relaxation process  of only the donor moiety of the D149 was analyzed and the authors 

reported that in D149 the IVR relaxation time  is around 0.09 ps, while in the case of D131 dye 

it is increased to 0.6 ps. Another assignment was suggested by Ziolek et al., who reported that  

initially the dye is excited to a local excited state, which then relaxes to the charge transfer state 

within the first 1 ps.63 

The  𝜏1 and 𝜏2 values are shown as a function of both the polarity and viscosity of the mixtures 

of different IL concentrations in Figure 9. The values of these relaxation times increase with 

decreasing the polarity of the solvent.  

 
Figure 9: Viscosity and polarity (inset) dependence of (A) 𝜏1 and (B) 𝜏2 relaxation times in the 

mixture of BmimBF4 and ACN. Previous published values are shown in open circles. 30,32,34,51 

    

The viscosity dependence is stronger for 𝜏2 (16x increase) than for 𝜏1 (6x increase) and is close 

to linear for the former. This indicates that 𝜏2  process might involve solvent dynamics or 

structural relaxation, which should follow the Stokes-Einstein-Debye (SED) equation.41 On the 

other hand, intramolecular processes like IVR can depend on polarity, which in the case of 𝜏1 

results in nonlinear viscosity dependence. A factor analysis on a broader data set is needed to 

precisely disentangle the possible contribution of both viscosity and polarity dependence of 𝜏1 

and 𝜏2. 

The 𝜏3  relaxation time is more problematic and will be discussed as the last one. 

Turning now to the slowest relaxation time 𝜏4 there is a large convergence on its interpretation 

as being associated with the lifetime of the S1 state. The literature data shows that 𝜏4 is strongly 

dependent on the solvent polarity, viscosity, dye concentration and also the hydrogen bonding 

between the dye and the protic solvents.32,34 Increasing the concentration of the dye and the 

formation of hydrogen bonding induces a faster deactivation.   

If we describe the solvent by its viscosity and polarity values, we can compare the 𝜏4 

values for the D149 dye in BmimBF4-ACN system and in various pure solvents.35,51 Of note is 

that the merit of our work is to explore larger values of the viscosity than reported in the 

literature. As it is illustrated in Figure 10(B), when the environment of the D149 is characterized 
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by its macroscopic polarity and viscosity, the excited state lifetime as quantified by 𝜏4 values 

increases with decreasing the former and increasing the later parameter.  

We thus expect that the origin of 3-fold increase (Table S1) in 𝜏4 when going from pure 

ACN to pure IL is due to (i) increased viscosity, which slows down the relaxation due to double 

bond twist between the donor and acceptor units,32,33 (ii) decreased polarity, which decreases 

the non-radiative ICT process related to S1-S0 decay. Indeed, previous papers30,32 showed that 

the values of emission lifetime of D149 increase while decreasing the polarity of different 

organic solvents. In our case, the values of static dielectric constant (𝜀), which is directly related 

to solvent polarity, is smaller in case of pure BmimBF4 (𝜀 = 14.6) than for ACN (𝜀 = 35.84).17 

This clearly suggests that, polarity of the medium surrounding the dye molecule is also a reason 

of the increased lifetime of D149 while going from pure ACN to pure BmimBF4. This limiting 

of the non-radiative relaxation processes is also reflected in the higher quantum yield in pure 

IL. 

 
Figure 10: Viscosity and polarity (inset) dependence of (A) 𝜏3 and (B) 𝜏4 relaxation times in 

the mixture of BmimBF4/ACN mixture. These values are compared with those obtained for 

neat solvents-open green circles for  𝜏3  and open blue circles for 𝜏4. 30,32,34,51 

 

From figure 10(B), it is evident that, 𝜏4 do not quite follow the change in viscosity and polarity 

(measured by dielectric constant) of the surrounding medium in the lower mole fraction region 

of ionic liquid. Our classical MD simulation analysis of the mixture shows that between XIL = 

0 and XIL = 0.1, a transition occurs from the situation where the local structure is dominated by 

that of the solvent to the one dominated by the ionic liquid. Indeed, in this range of XIL, the 

average distances, between the ions, the ions and the solvent molecules, as calculated by the 

nearest neighbor radial distribution undergo a crossover.64 

Therefore, we suggest that the minimum value at XIL = 0.1 (Table S1) is due to a joint effect of 

interaction with the two components of the mixture that leads to increased contribution of the 

non-radiative decay pathways, which is also reflected by the minimum in quantum yield.  

The behavior of the 𝜏3  is illustrated in Figure 10(A). This relaxation time is 

systematically found when analyzing the decay relaxation of the D149 in various neat solvents 

having either the polarity or viscosity in the same range as those of the BmimBF4/ACN 

mixture.30,32,34,51 The assignment of this relaxation time is controversial as it is indicated by the 

literature data on the D149 dye. Lohse et al. tentatively assigned it to collisional cooling or 



17 

 

structural S1 relaxation.30 El-Zohry et al.34 proposed that this relaxation time cannot be assigned 

to solvent relaxation as its values in many neat solvents are higher than the solvent relaxation 

time. They showed that the oscillator strength of different excited states is significantly affected 

by rotation of either the single or double bond between the acceptor and donor parts, which can 

favor local excitation at the donor unit for some geometries of the dye and thus result in two 

populations with different excited state lifetimes. They conducted a systematic study to 

understand the origin of this relaxation time that is also observed in D102 and D131 dyes, and 

assigned it to the ultrafast twisting of the diphenyl vinyl group in the donor unit that is present 

in the three dyes.  

In the case of pure IL and IL/MS mixtures, the 𝜏3 DAS shape suggests that it involves 

solvation dynamics and/or structural relaxation. Chowdhury et al. had also found a solvation 

time constant of 60 ps in BmimBF4 using C153 dye.50 Indeed, in our recent optical Kerr effect 

study of a similar BmimPF6/ACN mixture (bulk solvent without the dye) we showed that 

admixing IL to acetonitrile results in a significant slow-down of the mixture dynamics. We 

observed that already at XIL = 0.05, the slowest relaxation time is 18 ps and grows to 1.6 ns for 

pure IL.65 In the case of systems with the dye, these relaxation times might differ in the 

cybotactic region compared to the bulk; however, they clearly show that solvation can be 

involved in 𝜏3. In our case even for pure IL we cannot see any evidence of solvation in the DAS 

associated with 𝜏4, while it is clearly observed for 𝜏3 for pure IL and all the mixtures. For IL-

MS mixtures, the shape of 𝜏3  DAS shows no clear indication of decay characteristics. 

Nevertheless, in Figure 10(A) we can see that the viscosity and polarity dependence of 𝜏3 is 

similar to that of 𝜏4, therefore a mix of solvation and decay might be involved. 

Although the shape of the DAS of D149 in our study suggests the presence of a decay 

channel of a short-lived species in pure ACN, attributing 𝜏3 to decay of such short-lived excited 

state is contradictory. As discussed by El-Zohry et al.,34 may be some twisted, locally excited, 

short-lived populations of the dye are present only in case of pure ACN, which are the reason 

for this decay character of the DAS of 𝜏3 in pure ACN; however, it is not clear why the 𝜏3 DAS 

shows no indication of decay character in BmimBF4-ACN mixtures, even at very low IL content 

(XIL = 0.05). Thus, in order to get further insights regarding the interpretation of this timescale, 

we are planning to carry out molecular modeling to get information about the relaxation 

dynamics of D149 (relaxation time of twisting process of the dye, hydrogen bonding between 

dye and the components of IL-MS mixture).66–68 

In summary we can conclude that, for pure IL the origin of 𝜏3 is mainly due to solvation, 

whereas in case of pure ACN, the origin of 𝜏3 remains contradictory. Moreover, this relaxation 

time is affected by the decrease/increase of the polarity/viscosity of the D149 dye environment 

in a very similar fashion as 𝜏4, i.e. the relaxation time. 

 

4. CONCLUSIONS 

In this work, we have studied the dynamics of the excited state of D149 dye in BmimBF4-ACN 

binary mixtures for the very first time using steady state and transient absorption spectroscopy. 

The steady state Stokes shift values show their dependence upon the mixture polarity. Using 

global analysis of the experimental transient absorption spectra of the excited state of D149 

dye, four different time components were found related to different excited state processes. Two 
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comparatively smaller constants (𝜏1, 𝜏2) are related to solvation dynamics and IVR and the 

values increase with the increase of both polarity and viscosity of the binary mixtures. Although 

the viscosity dependence of 𝜏2  follows SED relation, 𝜏1  does not change linearly with the 

viscosity of the surrounding medium, which suggests the IVR characteristics of the later. The 

longest time component (𝜏4) is related to the emission lifetime and is correlated with both the 

polarity and viscosity of the medium. However, the initial decrease of 𝜏4 in lower XIL region, 

which is also noticed in the relative quantum yield values, indicates the presence of interactions 

between dye molecules and the mixture, which eventually increases the contribution of non-

radiative pathways leading to the decrease of emission lifetimes. DAS analysis helped us to 

investigate the origin of another moderately slow time constant (𝜏3). In case of pure BmimBF4 

and its mixtures with ACN, this timescale has solvation characteristics, as the DAS shape of 𝜏3 

is similar to 𝜏2. However, in case of pure ACN, the origin of 𝜏3 remains contradictory. Further 

theoretical calculations are needed to get a detailed picture of the excited state relaxation of the 

dye. Moreover, we noticed that the polarity and viscosity dependence of 𝜏3 is similar to 𝜏4. Our 

study also provides the mixture composition dependence of the excited state relaxation times 

of an organic sensitizer used in DSSC. Further studies should be carried out to quantify the 

mixture dependence of the other processes to optimize the working optimal conditions of the 

solar cell.  

 

5. ASSOCIATED CONTENTS 

Global analysis time constants of D149 in BmimBF4-ACN mixtures, transient absorption 

spectra of D149 in pure ACN and in different compositions BmimBF4-ACN mixtures (Figures 

S1-S6), experimental and fitted time traces of D149 in pure BmimBF4 and in different 

compositions of BmimBF4-ACN mixtures (Figures S7-S12), All the DAS of D149 in different 

compositions of BmimBF4-ACN mixtures (Figures S13-S17) 
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Supporting Information: 

 

Table S1: Different global analysis time constants of D149 in BmimBF4-ACN mixtures. 

 

XIL 𝝉𝟏 (ps) 𝝉𝟐 (ps) 𝝉𝟑 (ps) 𝝉𝟒 (ps) 

0 0.08 ± 0.003 0.65 ± 0.03 33.34 ± 2.14 275.65 ± 5.97 

0.05 0.10 ± 0.04 0.81 ± 0.15 27.92 ± 1.21 234.91 ± 2.55 

0.10 0.14 ± 0.04 0.90 ± 0.13 16.29 ± 0.68 210.72 ± 1.09 

0.20 0.17 ± 0.07 1.04 ± 0.89 18.71 ± 1.56 248.61 ± 7.59 

0.50 0.25 ± 0.06 2.65 ± 0.47 30.23 ± 4.71 450.02 ± 7.16 

0.80 0.27 ± 0.09 5.68 ± 1.07 69.58 ± 8.59 706.73 ± 8.91 

1 0.51 ± 0.04 10.39 ± 1.86 120.71 ± 10.35 912.43 ± 10.28 

 

 

 
Figure S1: Transient Absorption spectra of D149 in ACN, (A) short timescale (100-900 fs), 

(B) middle timescale (1-6 ps), (C) long timescale (20-1500 ps), (D) solvation timescale. Dashed 

spectra are steady state absorption (green) and emission (blue) spectra. 
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Figure S2: Transient Absorption spectra of D149 in BmimBF4–ACN binary mixture (XIL= 

0.05), (A) short timescale (100-900 fs), (B) middle timescale (1-20 ps), (C) long timescale (80-

1500 ps), (D) solvation timescale. Dashed spectra are steady state absorption (green) and 

emission (blue) spectra. 
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Figure S3: Transient Absorption spectra of D149 in BmimBF4–ACN binary mixture (XIL= 

0.10), (A) short timescale (100-900 fs), (B) middle timescale (1-20 ps), (C) long timescale (50-

1500 ps), (D) solvation timescale. Dashed spectra are steady state absorption (green) and 

emission (blue) spectra. 
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Figure S4: Transient Absorption spectra of D149 in BmimBF4–ACN binary mixture (XIL= 

0.20), (A) short timescale (100-900 fs), (B) middle timescale (1-15 ps), (C) long timescale (50-

1500 ps), (D) solvation timescale. Dashed spectra are steady state absorption (green) and 

emission (blue) spectra. 
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Figure S5: Transient Absorption spectra of D149 in BmimBF4–ACN binary mixture (XIL= 

0.50), (A) short timescale (100-900 fs), (B) middle timescale (1-60 ps), (C) long timescale (150-

1500 ps), (D) solvation timescale. Dashed spectra are steady state absorption (green) and 

emission (blue) spectra. 
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Figure S6: Transient Absorption spectra of D149 in BmimBF4–ACN binary mixture (XIL= 

0.80), (A) short timescale (100-900 fs), (B) middle timescale (1-150 ps), (C) long timescale 

(200-1500 ps), (D) solvation timescale. Dashed spectra are steady state absorption (green) and 

emission (blue) spectra. 
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Figure S7: Experimental (hollow circles) and fitted (line) kinetic traces of D149 in ACN at 

different wavelengths 525 nm (black), 600 nm (red) and 720 nm (blue) of TA spectrum. (A) 

long timescale (0-1.5 ns), (B) short timescale (0-15 ps).  

 
Figure S8: Experimental (hollow circles) and fitted (line) kinetic traces of D149 in BmimBF4–

ACN binary mixture (XIL= 0.05) at different wavelengths 525 nm (black), 600 nm (red) and 

720 nm (blue) of TA spectrum. (A) long timescale (0-1.5 ns), (B) short timescale (0-15 ps). 
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Figure S9: Experimental (hollow circles) and fitted (line) kinetic traces of D149 in BmimBF4–

ACN binary mixture (XIL= 0.10) at different wavelengths 525 nm (black), 600 nm (red) and 

720 nm (blue) of TA spectrum. (A) long timescale (0-1.5 ns), (B) short timescale (0-15 ps). 

 
Figure S10: Experimental (hollow circles) and fitted (line) kinetic traces of D149 in BmimBF4–

ACN binary mixture (XIL= 0.20) at different wavelengths 525 nm (black), 600 nm (red) and 

720 nm (blue) of TA spectrum. (A) long timescale (0-1.5 ns), (B) short timescale (0-15 ps). 
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Figure S11: Experimental (hollow circles) and fitted (line) kinetic traces of D149 in BmimBF4–

ACN binary mixture (XIL= 0.50) at different wavelengths 525 nm (black), 600 nm (red) and 

720 nm (blue) of TA spectrum. (A) long timescale (0-1.5 ns), (B) short timescale (0-15 ps). 

 
Figure S12: Experimental (hollow circles) and fitted (line) kinetic traces of D149 in BmimBF4–

ACN binary mixture (XIL= 0.80) at different wavelengths 525 nm (black), 600 nm (red) and 

720 nm (blue) of TA spectrum. (A) long timescale (0-1.5 ns), (B) short timescale (0-15 ps). 
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Figure S13: DAS of D149 in BmimBF4-ACN binary mixture (XIL= 0.05). 

 
Figure S14: DAS of D149 in BmimBF4-ACN binary mixture (XIL= 0.10). 

 
Figure S15: DAS of D149 in BmimBF4-ACN binary mixture (XIL= 0.20). 
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Figure S16: DAS of D149 in BmimBF4-ACN binary mixture (XIL= 0.50). 

 
Figure S17: DAS of D149 in BmimBF4-ACN binary mixture (XIL= 0.80). 

 


