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Chapter 3 

Synthesis of Near Infrared Dyes as Antennas 
for Upconversion Nanoparticles  

 

 

 

This chapter describes the design and syntheses of carboxylic acid-functionalized organic dyes 

as antenna molecules for upconversion nanoparticles. Two NIR dyes, IR-806 and IR-840 were 

successfully synthesized. Both dyes show strong and broadband absorption in the NIR range. 

The emission spectra of both dyes partially overlap with the absorption spectrum of the 

nanoparticles, which may allow Föster-type energy transfer from the excited dye to the Yb3+ 

absorption centers in the β-NaYF4:Yb, Er nanoparticles. Moreover, the partially 

complementary absorption ranges of IR-806 and IR-840 make them feasible as a tandem 

antenna system for co-sensitized upconversion. 
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3.1 Introduction 

The application of traditional upconversion materials (e.g. rare-earth base materials) is 

strongly limited by their weak and narrowband absorptions, which is especially crucial for 

biological imaging and solar cells. In biological imaging applications, normally relatively high 

excitation power intensities (500 mW/ cm2) at the absorption band of 980 nm are necessary to 

achieve good quality images, which due to strong water absorption may cause sample 

overheating.1 Although theoretical calculations have shown a bright future of upconversion solar 

cells (50.7% in an ideal system),2 the efficiencies obtained experimentally have been extremely 

low, even when the solar cell was illuminated with monochromic light at the maximum 

absorption of the upconversion materials.3-7  One of the reasons for this low efficiency is that the 

lanthanide based upconversion materials suffer from very weak and narrow-band absorption. 

To overcome this limitation, we have designed and used organic near infrared（NIR）dyes 

as sensitizers for β-NaYF4:Yb, Er nanoparticles. The dye must fulfill a double function of 

absorbing as much light as possible and transferring the absorbed energy to the Yb3+ 

upconversion centers within the nanoparticle. Therefore, the dye should meet several basic 

requirements: (i) strong and broad absorption in the NIR region, (ii) a high fluorescence quantum 

yield, (iii) the emission spectrum of the organic dye should overlap with the absorption spectrum 

of the inorganic upconvertor in order to allow for efficient Förster radiationless energy transfer. 

The Förster mechanism is a dipole–dipole resonance type of interaction between the donor and 

acceptor, which requires spectral overlap between absorption of the acceptor and emission of the 

donor. Finally, (iv) the dye should have a functional group to bind to the nanoparticles. This is 

important for efficiency reasons, since the efficiency of Förster energy transfer is strongly 

dependent on the distance between the donor and acceptor. When this dye-sensitized 

upconversion principle would be applied in solar cells, the dye should also have very weak or no 

absorption in the region where the PV active layer absorbs. The photons in this range should be 

absorbed exclusively by the active layer of the solar cell. 

After a literature search on NIR-absorbing molecular dyes, we concluded that some 

commercially available cyanine dyes are excellent candidates as starting material in this 
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investigation. Cyanine dyes normally have two identical heterocyclic moieties (but taking the 

form of electron donor and acceptor moieties in resonance structures), linked by an odd number 

of methine groups.  The absorption wavelength of cyanine dyes can be adjusted by selecting 

different heterocyclic moieties or by varying the length of the methine chain, or by changing side 

groups in the methine chain. Some of cyanine dyes show a very broad absorption band in the 

NIR range, combined with very high extinction coefficients, which makes them very promising 

for application in biomedical imaging and dye-sensitized solar cells8-11.  

To prove the concept of dye-sensitized upconversion, we took the commercially available 

cyanine dye IR-780 (2-[2-[2-chloro-3-[(1,3-dihydro-3,3-dimethyl-1-propyl-2H-indol-2-ylidene) 

ethylidene]-1-cyclohexen-1-yl]ethenyl]-3,3-dimethyl-1-propylindolium iodide) as our first 

starting point. Figure 3.1 shows the molecular structure and the absorption spectrum of IR-780 in 

CHCl3. The dye absorbs light mainly between 650-830 nm, with a maximum at 780 nm. Under 

750 nm excitation, the emission spectrum of the dye extends to about 980 nm, which indicates 

that it is feasible that it may transfer its absorbed energy to NaYF4:Yb, Er nanoparticles, 

although the overlap is rather minimal. First, however, in order to attach the dye to the 

nanoparticles, the dye has to be provided with a suitable functional group, preferably at a 

position that will lead to a favorable binding orientation of the antenna molecule on the 

nanoparticle surface, such that efficient energy transfer into the nanoparticle is obtained. This 

functionalization is described in the next paragraph. 

 

Figure 3.1 (a) The chemical structure of IR‐780; (b) the absorption (red line) and emission (blue 

line) spectra of IR‐780 in CHCl3 (3.0 × 10
‐6 M). The excitation wave length is 750 nm. 
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3.2 Functionalization of cyanine dyes 

As shown in Figure 3.1a, there is a chloro-substituent in the central cyclohexenyl group of 

IR-780, which offers a reactive site for functionalization. We have chosen the carboxylic group 

as the anchoring moiety for the antenna molecules on the NaYF4:Er3+,Yb3+ nanoparticle surface, 

because carboxylic acids are known to have strong affinity for such surfaces.12 Based on 

molecular models, we reasoned that in order to obtain an antenna molecule with sufficient space 

and freedom of the functional group to bind to the nanoparticle surface, a spacer moiety of at 

least a few atoms is needed. Thus, the p-carboxyphenylene moiety was designed.  The most 

direct route to replace the chlorine atom in the cyclohexenyl group with a carboxy-functionalized 

aryl moiety is to use the Suzuki-Miyaura method. According to Lee et al.,11 the a chlorine atom  

of a similar cyanine dye IR-820 (2-[2-[2-chloro-3-[[1,3-dihydro-1,1-dimethyl-3-(4-sulfobutyl)-

2H-benzo[e]indol-2-ylidene]-ethylidene]-1-cyclohexen-1-yl]-ethenyl]-1,1-dimethyl-3-(4-

sulfobutyl)-1H-benzo[e]indolium hydroxide inner salt, sodium salt) can be efficiently replaced 

with a carboxy-functionalized aryl moiety via the Suzuki-Miyaura method in high yield. This 

literature reaction was performed by using water as solvent. However, IR-780 cannot be 

dissolved in water, therefore we used dimethylformamide (DMF) as solvent.  The reaction is 

shown in Scheme 3.1a. After a reaction period of 48 hours, only starting material (IR-780) was 

isolated.  The possible reason for lack of reactivity in comparison with IR-820 may be that in the 

reaction of Lee et al. the dye IR-820 is a weak base while IR-780 is neutral.  The base plays an 

important role in the Suzuki-Miyaura reaction. Therefore we ran the reaction again in the 

presence of K2CO3 (Scheme 3.1b). By heating up to 100 °C, the color of the solution changed 

from dark green to red, which indicates that a new product was formed.  Figure 3.2 shows the 
1H-NMR spectrum of the isolated product (dye 2). Compared to the 1H-NMR spectrum of IR-

780, we observed a significant shift of peaks in the 2.5-8.5 ppm region. However, no additional 

peaks were observed and the number of hydrogen atoms remained the same, suggesting that the 

chlorine atom in the cyclohexenyl group was replaced by another moiety instead of the carboxy-

functionalized aryl group. A mass spectrum showed that dye 2 has a molecular weight of 521.33, 

corresponding to the hydrolyzed product of IR-780, i.e., the enolate (dye 2). A control 

experiment with IR-780 and K2CO3 in DMF -without the aryl nucleophile- yielded the same 

product (Scheme 3.1c).  



   Synthesis of Near Infrared Dyes as Antennas for Upconversion Nanoparticles 

55 

 

Figure 3.3 shows the absorption spectrum of dye 2. Compared to IR-780, a significant blue 

shift of 270 nm was observed for dye 2, which make it useless as a sensitizer for NaYF4:Yb, Er 

nanoparticles. Interestingly, when dye 2 was treated with a small amount of HCl, the color of the 

dye changed back to dark green.  

 

 

Scheme 3.1 (a) Synthesis of a carboxy‐functionalized cyanine dye by the Suzuki‐Miyaura method 

without base;  (b) enolate product of  the Suzuki‐Miyaura  reaction  in  the presence of base;  (c) 

enolate product, formed in a control experiment with base only. 
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Figure  3.2  (a)  1H‐NMR  spectra  of  IR‐780  (blue),  isolated  product  from  reaction  b  (red)  and 

isolated product from reaction c (green). All spectra are of solutions in CDCl3. 
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Figure 3.3 Absorption spectrum of dye 2 in CHCl3. 

Another route to replace the chlorine atom in the cyclohexenyl group is to use a 

nucleophilic substitution reaction. Due to the electron deficient π-system, the chlorine atom can 

be easily replaced by various nucleophiles, such as hydroxide, alkoxides, and alkylamines.  

There are two different mechanisms for this type of nucleophilic substitution reactions. 13 

As shown in Scheme 3.2, in the first mechanism follows an addition/elimination pathway. 

In this process the nucleophile adds to the cationic π-system, yielding a tetrahedral intermediate, 

followed by elimination of the chlorine ion. The process is reversible and thermodynamically 

controlled. Increasing the reaction temperature or prolonging the reaction time may result in a 

higher yield.  
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Scheme 3.2 The addition/elimination mechanism for a nucleophilic substitution reaction on IR‐

780. 

The second mechanism involves the SRN1 pathway. As shown in Scheme 3.3, the main 

steps of the mechanism are sketched in equation (1)-(4). The mechanism is initiated by single 

electron transfer from the nucleophile Y- to the cationic π-system of the cyanine dye (R-Cl)+ to 

produce two radical species, then the radical (R-Cl)˙ fragments into the radical cation 

intermediate R˙+ and the anion leaving group Y- (Scheme 3.3, equation (2)). The reaction of 

radical cation intermediate R˙+ with an incoming nucleophile Y- yields the neutral radical adduct 

(R-Y)˙(Scheme 3.3, equation (3)) which is followed by transfer of an electron to the initial 

substrate  (R-Cl)+ to continue the chain reaction (Scheme 3.3, equation (4)). Polar aprotic 

solvents such as DMF or DMSO, which support the single electron transfer, are essential for this 

reaction.  
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Scheme 3.3 The SRN1 mechanism for a nucleophilic substitution reaction of IR-780.13 

Since our attempts to make a carboxy-functionalized dye by Suzuki-Miyaura reaction failed, 

we moved to functionalization of IR-780 by nucleophilic substitution reaction. The reaction is 

shown in Scheme 3.4. The reaction was performed under dry nitrogen with dry DMF as solvent, 

NaH as base, and 4-hydroxybenzoic acid as the nucleophile. After running the reaction overnight, 

and after separation of the dye fraction from the reagents using column chromatography 

(dichloromethane : methanol 4 : 1), we obtained a red solid. LC-MS analysis showed that the 

solid contained both our target dye (dye 3) and the hydrolyzed product (dye 2). The reason for 

obtaining a mixture of dye 2 and dye 3 may be that both hydroxide and alkoxides are hard and 

competing nucleophiles. The reaction follows an addition/elimination pathway, which is 

reversible and thermodynamically controlled.13 We tried various methods to isolate dye 3 from 

this mixture. Unfortunately none of the method was successful. Dye 3 appeared to be unstable in 

air. After one month being exposed in air, all the dye 3 in the mixture was transformed into dye 2. 

Figure 3.4 shows the absorption spectrum of the mixture. We clearly see two absorption bands 

which can be attributed to the absorption of dye 2 (300-600 nm) and the absorption of dye 3 (650 

-850 nm).  
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Scheme  3.4  Synthesis  of  a  carboxy‐functionalized  dye  by  a  nucleophilic  substitution  reaction 

(SN2). 
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Figure 3.4 Absorption spectrum of the product mixture (in CHCl3) from the reaction shown in 

Scheme 3.4.  
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In an effort to improve the substitution reaction, the stronger nucleophile 4-

mercaptobenzoic acid was used. As shown in Scheme 3.5, the reaction was performed in dry 

DMF without base. The thiol is a soft nucleophile. When the reaction is performed in polar 

aprotic solvents, such as DMF and DMSO (dimethyl sulfoxide), the SRN1 pathway will be 

favored.13 After overnight reaction, pure crystals of dye 4 were isolated in high yield (86%) by 

slowly dropping diethyl ether to the solution and subsequent filtration of the precipitated product. 

Figure 3.5 shows the absorption spectra of IR-780 and dye 4. After functionalization, dye 4 still 

has a very strong absorption in the NIR region and very weak absorption in the visible region. In 

addition, dye 4 is more stable than dye 3. After one month in air, no degradation was detected. 

Dye 4 absorbs light mainly between 650-850 nm, with a maximum at 806 nm. We therefore 

named it IR-806. Figure 3.6 shows the emission spectrum of IR-806 at 750 nm excitation in 

CHCl3.  The overlap between the emission of the dye and the absorption of the nanoparticles 

may allow Förster type energy transfer. Based on these properties, we considered IR-806 as a 

suitable first candidate for using it as a sensitizing antenna molecule for NaYF4:Yb, Er 

nanoparticles. 

 

 

Scheme 3.5 Synthetic scheme for the preparation of  of carboxy-functionalized IR-806.  
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Figure 3.5 Absorption spectra of IR-780 (3.0 × 10-6 M, red line) and IR-806 (3.18 × 10-6 M, blue 

line) in CHCl3. 
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Figure 3.6  Emission spectrum of IR‐806 in CHCl3 (3.18×10
‐6 M; redline) and absorption spectrum 

of oleylamine‐coated NaYF4:Yb,Er NPs in CHCl3 (green line). The excitation wavelength is 750 nm. 
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3.3 Synthesis of NIR dye absorbing lower energy photons 

The absorption of IR-806 (dye 4) only extended to 850 nm. For using in solar cells, there is 

still a large part of energy in the NIR region is lost. Therefore another NIR dye 5 was designed 

and synthesized. The synthetic method for making dye 5 was similar to that used to synthesize 

IR-806. The reaction is shown in Figure Scheme 3.6. The starting material for dye 5 was the 

commercially available cyanine dye IR-813. We provided it with the same spacer and functional 

group as IR806. As shown in figure 3.7, Dye 5 absorbs light mainly between 650-900 nm, with a 

maximum at 840 nm, a red-shift of 34 nm compared to that of IR-806. So we named it IR-840. 

As shown in figure 3.8, the emission intensity of IR-840 is about 3 times lower than that of IR-

806, which is bad news because the lower luminescence efficiency may lower the efficiency of 

energy transfer to the upconversion centers, in case of a Förster mechanism. At the other hand, 

the overlap between the emission of IR-840 and the absorption of the nanoparticles is better than 

that of IR-806, which may relatively enhance the efficiency of the Förster energy transfer from 

the dye to the nanoparticle upconversion centers. 

Although long wavelength absorption edge of IR-840 is only 30 nm red-shifted compared to 

that of IR-806, we considered the shift large enough for it to be used to prove our concept of co-

sensitized upconversion, in which two different dyes are attached onto the same nanoparticles to 

absorb photons of a broader spectral range.  

 

 

Scheme 3.6 Synthetic scheme for the preparation of carboxy‐functionalized IR‐840.  



Chapter 3 

64 

 

300 400 500 600 700 800 900 1000
0.0

0.4

0.8

1.2

 IR-806
 IR-840

 

 

N
or

m
al

iz
ed

 O
D

Wavelength (nm)
 

Figure 3.7 Absorption spectra of IR‐806 (olive line) and IR‐40840 (blue line) in CHCl3. 
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Figure 3.8  Emission spectrum of IR‐806 (3.18×10‐6 M; redline), IR‐840 (3.18×10‐6 M; blue line) 

and absorption spectrum of oleylamine‐coated NaYF4:Yb,Er NPs (green line). All samples were 

measured in CHCl3. The excitation wavelength was 750 nm. 
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3.4 Experimental section 

3.4.1 General 

General Chemicals. IR-780 iodide (99%), IR-813 perchlorate (80%), 4-hydroxybenzoic acid 

(≥ 99%), 4-mercaptobenzoic acid (99%), sodium hydride (95%), N,N-dimethylformamide 

(DMF, anhydrous, 99.8% ), and chloroform (ACS spectrophotometric grade, ≥99.8%, with 

amylenes as stabilizer) were obtained from Aldrich. Dichloromethane (AR grade) and diethyl 

ether (AR grade) were obtained from LAB-SCAN. All chemicals were used as received.  

1H and 13C NMR spectra were recorded on a Varian AMX400 (400 and 100.59 MHz, 

respectively) using CDCl3 as solvent at room temperature. Spectra were referenced to the solvent 

line (CHCl3: 7.26 ppm for 1H, 77.0 ppm for 13C) relative to tetramethylsilane. Data are reported 

as follows: chemical shifts, multiplicity (s = singlet, d = doublet, dd = doublet of doublets, t = 

triplet), coupling constants (Hz), and integration. FT-IR spectra were recorded on a Nicolet 

Nexus FT-IR spectrometer, using the SMART iTR for ATR measurements (diamond). Mass 

spectra were recorded on a LTQ Orbitrap XL (ESI+). UV-Vis absorption spectra were measured 

on a Perkin/Elmer Lambda 900 UV-Vis-NIR Spectrometer in CHCl3 in a quartz cuvette with a 

path length of 1 cm. Standard CW fluorescence measurements of solutions in CHCl3 were 

performed on a Fluorolog 3 (Jobin Yvon Horiba). 

3.4.2 Synthetic Procedures 

Synthesis of dye 4. The functionalization reaction was performed using standard Schlenk-

line techniques in dry glassware and under a dry N2 atmosphere. A mixture of IR-780 iodide 

(500 mg, 0.75 mmol) and 4-mercaptobenzoic acid (231 mg, 1.50 mmol) in DMF (20 mL) was 

stirred at room temperature for 17 hours. DMF was removed under vacuum at 40 ºC, and the 

residue was dissolved in CH2Cl2 (5 mL). The solution was filtered through a 0.45 μm PTFE 

syringe filter and then diethyl ether (150 mL) was added slowly to precipitate the product. The 

precipitate was collected by centrifugation, washed with diethyl ether, and dried under vacuum 
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to afford 506 mg (0.65 mmol, 86%) of gold-colored crystals. 1H NMR (400 MHz, CDCl3): δ 

8.56 (d, J = 14.1, 2H), 7.94 (d, J = 8.4, 2H), 7.33 (t, J = 7.7, 2H), 7.25 (t, J = 7.6, 4H), 7.17 (t, J = 

7.4, 2H), 7.12 (d, J = 8.0, 2H), 6.22 (d, J = 14.1, 2H), 4.11 (t, J = 7.2, 4H), 2.78 (t, J = 5.8, 4H), 

2.05 (s, 2H), 1.87 (dd, J = 14.6, 7.3, 4H), 1.41 (s, 12H), 1.02 (t, J = 7.4, 6H). 13C NMR (101 

MHz, CDCl3): δ 172.49, 170.63, 148.89, 145.53, 144.47, 142.18, 141.04, 133.94, 131.07, 128.72, 

126.70, 125.45, 125.31, 122.18, 111.00, 101.89, 49.20, 46.38, 27.84, 26.77, 20.93, 20.71, 11.68. 

IR (cm-1): 2961, 2928, 2871, 1716, 1680, 1592, 1539, 1526, 1427, 1395, 1364, 1245, 1229, 1164, 

1152, 1084, 1040, 1016, 999, 928, 908, 857, 836, 795, 764, 742, 713, 678. HRMS: calcd for 

C43H49N2O2S [M]+: 657.3509; found: 657.3477. Elemental analysis: calcd for C43H49N2O2S: C, 

65.81; H, 6.29; N, 3.57. Found: C, 65.09; H, 6.23; N, 3.57.  

Synthesis of dye 5. The functionalization reaction was performed using standard Schlenk-

line techniques in dry glassware and under a dry N2 atmosphere. A mixture of IR-813 perchlorate 

iodide (500 mg, 0.73 mmol) and 4-mercaptobenzoic acid (231 mg, 1.50 mmol) in DMF (20 mL) 

was stirred at room temperature for 17 hours. DMF was removed under vacuum at 40 ºC, and the 

residue was dissolved in CH2Cl2 (5 mL). The solution was filtered through a 0.45 μm PTFE 

syringe filter and then diethyl ether (150 mL) was added slowly to precipitate the product. The 

precipitate was collected by centrifugation, washed with diethyl ether, and dried under vacuum 

to afford 480 mg (0.60 mmol, 82%) of dark green solid. 1H NMR (400 MHz, CDCl3): δ 8.56 (d, 

J = 14.1, 2H), 7.94 (d, J = 8.4, 2H), 7.33 (t, J = 7.7, 2H), 7.25 (t, J = 7.6, 4H), 7.17 (t, J = 7.4, 2H), 

7.12 (d, J = 8.0, 2H), 6.22 (d, J = 14.1, 2H), 4.11 (t, J = 7.2, 4H), 2.78 (t, J = 5.8, 4H), 2.05 (s, 

2H), 1.87 (dd, J = 14.6, 7.3, 4H), 1.41 (s, 12H), 1.02 (t, J = 7.4, 6H). 13C NMR (101 MHz, 

CDCl3): δ 172.49, 170.63, 148.89, 145.53, 144.47, 142.18, 141.04, 133.94, 131.07, 128.72, 

126.70, 125.45, 125.31, 122.18, 111.00, 101.89, 49.20, 46.38, 27.84, 26.77, 20.93, 20.71, 11.68. 

IR (cm-1): 2961, 2928, 2871, 1716, 1680, 1592, 1539, 1526, 1427, 1395, 1364, 1245, 1229, 1164, 

1152, 1084, 1040, 1016, 999, 928, 908, 857, 836, 795, 764, 742, 713, 678. HRMS: calcd for 

C43H49N2O2S [M]+: 657.3509; found: 657.3477. Elemental analysis: calcd for C43H49N2O2S: C, 

65.81; H, 6.29; N, 3.57. Found: C, 65.09; H, 6.23; N, 3.57.  
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