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Abstract: A hyperbranched poly(arylene oxindole), a poly(methacrylate) and a dendrimer, to which 

the same nonlinear optical chromophore was attached via a small, rigid spacer, were prepared. The 

difference in hyper-Rayleigh scattering intensities was measured and compared. From this study, it 

was concluded that the chromophores, and hence the functional groups in the macromolecule before 

functionalization, are orientationally correlated in the dendrimer, while they are not in the linear and 

hyperbranched polymer. More in particular, the chromophores in the dendrimer are fixed in a 

centrosymmetric way due to the globular structure, while there is no orientational correlation 

between the chromophores in linear and hyperbranched polymer.  
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Introduction 

Dendrimers are perfectly branched macromolecules that have been extensively studied during the 

past decades. It is well known that dendrimers adopt a globular structure from a certain generation 

on.
1
 This globular structure, with possibly a lot of functional groups at the periphery, constitutes one 

of the main assets of dendrimers, as it allows for catalysis
2
, drug delivery

3-5
, imaging agents

6-8
, high 

loading support for organic synthesis
9
 amongst others. Their main disadvantage is their difficult and 

time-consuming synthesis. For linear polymers, in contrast, different conformations (random-coil, 

rod, …) are known, but a random coil-structure is mostly observed. On the other hand, their 

synthesis is, compared with dendrimers, far more straightforward. Hyperbranched polymers
10-15

, 

finally, seem to combine the assets of both type of macromolecules: their synthesis remains 

essentially a (single-step) polymerization, but the hyperbranched nature may result in a globular 

structure. In this respect, the amount of branching plays an important role. In earlier publications, we 

have reported the synthesis of hyperbranched poly(arylene oxindole)s with a degree of branching of 

100%.
16-18

 However, the supramolecular structure of these polymers is still unclear and the question 

arises whether the hyperbranched polymer indeed adopts a globular structure –as dendrimers – or 

rather a random-coil conformation, as is typically found in linear polymers. 

Hyper-Rayleigh scattering (HRS) is a very powerful technique to probe differences in the 

conformation of chromophore-functionalized macromolecules.
19-26

 More precisely, the HRS 

response originating from an ensemble of chromophores depends on the orientation of chromophores 

with respect to each other. Therefore, if analogous chromophores are attached to the different 

macromolecules via a short, rigid spacer, the conformation of the macromolecules is reflected in the 

mutual orientation of the chromophores and hence, possible differences in the conformation of the 

macromolecules are expressed by a different HRS response.  

In this manuscript, a hyperbranched poly(arylene oxindole) is functionalized with a chromophore and 

its HRS response is compared with that of a linear poly(methacrylate) and a dendrimer, both 

functionalized with the same chromophore. In this way, it is investigated whether the 

macromolecular structure of the hyperbranched polymer either adopts the globular structure – as the 

dendrimer, or that it rather resembles the conformation of a linear polymer.  



 

3 

Experimental 

Reagents and instrumentation 

NMR spectra were recorded on a Bruker Avance 300 spectrometer with tetramethylsilane as internal 

reference. UV/vis spectra were recorded on a Perkin-Elmer Lambda 20 spectrometer. The GPC 

measurements were performed on a Shimadzu apparatus using PLgel mixed-D columns (Polymer 

Laboratories) in THF, calibrated with linear polystyrene standards. Melting points were measured on 

a Reichert-thermovar or electrothermal 9200 and are uncorrected. Mass spectra were recorded on a 

Hewlett-Packard MS-engine 5989 A. All reagents were purchased from Acros organics or Aldrich 

and used without further purification. 

1
27

 and the hyperbranched polymer
18

 were synthesized according to literature procedures. The 

PAMAM dendrimer (6
th

 generation, ethylene diamine core, amine terminated) was purchased from 

Dendritech.  

Hyper-Rayleigh scattering (HRS) experiments are performed using a Ti:Sapphire laser (model 

spectra physics) with a repetition rate of 80 MHz, 100 fs pulse duration and an average output power 

of 1.5 W. The fundamental light was 800 nm and the hyper-Rayleigh scattered light was detected at 

400 nm under a 90° with respect of the input light. No additional signal from interfering multi-

photon fluorescence has been observed, since for each modulation frequency no deviation in HRS 

signal is observed. The experimental conditions are identical as described by Olbrechts et al.
28

 The 

external reference method has been used to derive the hyperpolarizability (β) of the sample with 

crystal violet (CV) dissolved in methanol as reference (β800,CV = 338 × 10
-30

 esu). All the samples 

were dissolved in DMF. 

The local field correction factors have been applied to correct for the difference in solvent between 

the sample and reference. Since the HRS-active unit in each macromolecular system is the same and 

of a clear C∞v symmetry, which implies that only one tensor component βzzz is contributing to the 

HRS-signal, all the β-values reported are βzzz-values and are expressed per chromophore unit. 

Synthesis of 2-[4(4-cyanophenylazo)phenyloxy]ethyl methacrylate (3) 

1 (248 mg, 1.11 mmol), 2-hydroxyethyl methacrylate (2) (187 mg, 1.44 mmol), PPh3 (630 mg, 2.40 

mmol) and a spatula point (~2 mg) of hydrochinon were dissolved in dry THF (10 ml). The solution 
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was purged with argon while cooled in an ice bath. A solution of DIAD (485 mg, 2.40 mmol) in 

THF was added in drop wise and the solution was stirred at room temperature for one day. Water 

was added and the mixture was extracted with CH2Cl2 (3 x 40 ml) and washed with sodium 

bicarbonate. The combined organic layers were dried over MgSO4 and evaporated under reduced 

pressure. After column chromatographic purification on silicagel (CH2Cl2/hexane (80/20)), pure 3 

was obtained as a solid. 

Yield: 126 mg (34%) 

Mp: 138.5 °C 

MS (CI): m/z = 336 (MH
+
)
 

1
H-NMR (300 MHz, CDCl3): δ = 7.95 (d+d, 4H), 7.79 (d, 2H,), 7.05 (d, 2H,), 6.16 (s, 1H), 5.61 (s, 

1H), 4.54 (t, 2H), 4.34 (t, 2H), 1.97 (s, 3H) 

13
C-NMR (75 MHz, CDCl3): δ = 167.3, 161.9, 154.7, 147.0, 135.9, 133.1, 126.2, 125.4, 123.1, 

115.0, 66.2, 62.7, 18.3. 

Synthesis of ethyl 2-(4-(4-cyanophenylazo)phenoxy)acetate (5) 

1 (804 mg, 3.61 mmol), ethyl glycolate (4) (450 mg, 4.32 mmol) and triphenyl phosphine (1.88 g, 

7.17 mmol) were dissolved in dry THF (30 ml). The solution was purged with argon and cooled in 

an ice bath. A solution of DIAD (1.46 g, 7.23 mmol) in THF was added and the solution was stirred 

at room temperature overnight. Water was added and the mixture was extracted with CH2Cl2 (3 x 50 

ml) and washed with sodium bicarbonate. The collected organic layers were dried over MgSO4 and 

evaporated under reduced pressure. After column chromatographic purification on silicagel (CH2Cl2 

as eluent), 5 was obtained as a solid. 

Yield: 801 mg (72%) 

Mp: 148 °C (lit. = 197-199 °C)
29

 

MS (CI): m/z = 310 (MH
+
) 

1
H-NMR (300 MHz, CDCl3): δ = 7.95 (d+d, 4H), 7.79 (d, 2H), 7.03 (d, 2H), 4.73 (s, 2H), 4.30 (q, 

2H), 1.32 (t, 3H) 

13
C-NMR (75 MHz, CDCl3): δ = 168.2, 161.0, 154.6, 147.4, 133.1, 125.4, 123.1, 118.6, 115.0, 

113.4, 65.4, 61.6, 14.1. 
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Synthesis of 2-[4(4-cyanophenylazo)phenyloxy]ethanoic acid (6) 

5 (2.35 mmol, 729 mg) was dissolved in a mixture of ethanol (5 ml) and THF (20 ml). A NaOH 

solution (20 ml, 0.1M) was added and the solution was stirred overnight at 90 °C. The mixture was 

neutralised with aqueous HCl (1 M), followed by extraction with CH2Cl2 (3 x 70 ml). The combined 

organic layers were dried over MgSO4, filtered and evaporated under reduced pressure. The resulting 

residue was refluxed in CH2Cl2 and filtered, resulting in solid 6. 

Yield: 509 mg (77%)  

Mp: 238 °C (lit. = 242-244 °C)
30

 

MS (CI): m/z = 282 (MH
+
)
 

1
H-NMR (300 MHz, THF): δ = 7.93 (m, 6H), 7.10 (d, 2H), 4.76 (s, 2H) 

13
C-NMR (75 MHz, THF): δ = 169.6, 162.8, 155.5, 148.0, 134.0, 125.9, 123.8, 115.8, 114.6, 65.5. 

Synthesis of N-hydroxysuccinylester of 2-[4(4-cyanophenylazo)phenyloxy] ethanoic acid (8) 

6 (480 mg, 1.71 mmol), DCC (423 mg, 2.05 mmol) and N-hydroxysuccinimide (7) (236 mg, 2.05 

mmol) were dissolved in dry DMF (10 ml) and the solution was stirred overnight at room 

temperature. Water and diethyl ether were added and the precipitate was filtered. The filtrate was 

suspended in chloroform and the white precipitate was filtered. The filtrate was evaporated and 

methanol (10 ml) was added, followed by filtration of the precipitate.  

Yield: 181 mg (28%) 

Mp: 228 °C 

MS (CI): m/z = 379 (MH
+
).

 

1
H-NMR (300 MHz, CDCl3): δ = 7.96 (m, 4H), 7.82 (d, 2H), 7.10 (d, 2H), 5.10 (s, 2H), 2.89 (s, 4H). 

13
C-NMR (75 MHz, THF): δ = 169.5, 162.7, 155.4, 147.9, 133.9, 125.8, 123.7, 115.8, 114.6, 65.5, 

63.8. 

Synthesis of the chromophore-functionalized dendrimer (chr-den): functionalization of the 

PAMAM dendrimer with 8 

The solvent of the PAMAM dendrimer (50.0 mg, 0.221 mmol) solution in methanol (1.00 g) was 

evaporated and dry DMF (5 ml) was added and evaporated again. The addition and subsequent 

evaporation of DMF was repeated another two times. A solution of chromophore 8 (125 mg, 0.332 
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mmol) in dry DMF (3 ml) was added and the solution was stirred at 40 °C for two days. The solvent 

was evaporated and diethyl ether (3 ml) was added. The solution was precipitated in methanol (20 

ml) and the precipitate was centrifuged. The precipitate was dissolved again in chloroform and the 

precipitation was repeated two times. The chromophore-functionalized polymer was obtained as an 

orange solid.  

Yield: 41.0 mg 

Tg: 94.7 °C (DSC, heating cycle, 20 °C/min)  

1
H-NMR (300 MHz, DMF-d7): δ = 8.41 (s), 8.13 (s), 7.89 (s), 7.15 (s), 4.66 (s), 3.38 (s), 2.52 (s), 

2.33 (s). 

Synthesis of the chromophore-functionalized hyperbranched polymer (chr-hyper): 

functionalization of hyperbranched poly(arylene oxindole) (hyper) with 8 

Hyperbranched polymer (hyper) (50 mg, 0.084 mmol) was dissolved in dry DMF (5 ml). A catalytic 

amount of DMAP (5 mg) and 8 (38.0 mg, 0.101 mmol) were added and the solution was stirred at 40 

°C overnight. The solvent was evaporated and THF (2 ml) was added. The polymer was precipitated 

in methanol (20 ml) and centrifuged. The precipitate was dissolved again in THF and precipitated; 

this process was repeated twice.  

Yield: 26 mg 

No Tg was found between 20 °C and 200 °C (DSC) 

nM  = 19.5 kg/mol, wM / nM  = 2.5 (GPC in THF and linear polystyrene standards) 

1
H-NMR (300 MHz, CDCl3): δ = 8.3 (s), 6.4-7.8 (m), 4.93 (m). 

Synthesis of the chromophore-functionalized linear polymethacrylate (chr-PMMA): 

copolymerization of methyl methacrylate and 3 

Methyl methacrylate (119 mg, 1.19 mmol), 3 (100 mg, 0.29 mmol) and AIBN (3.2 mg) were 

dissolved in dry DMF (8 ml). The solution was purged for 15 minutes at 0 °C, followed by stirring at 

65 °C overnight. The polymer was precipitated in methanol (70 ml). For purification, the polymer 

was dissolved in chloroform and precipitated in methanol for an additional two times.  

Yield: 104 mg 

Tg: 95.6 °C (DSC, heating cycle, 20 °C/min) 
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nM  = 17.8 kg/mol, wM / nM  = 1.4 

1
H-NMR (300 MHz, CDCl3): δ = 7.93 (s), 7.78 (s), 7.04 (s), 4.30 (m), 3.58 (s), 1.81 (s), 1.43-0.85 

(m). 

 

Results and Discussion 

Synthesis and characterization of the macromolecules 

The chromophore used is based on 1. The methacrylate monomer (3) was prepared by a Mitsunobu 

reaction of 1 with 2. A second Mitsunobu reaction, in which 4 was employed, resulted in 5. After 

saponification of the ester, the resulting acid (6) was reacted with 7, resulting in the activated ester 

(8) (Scheme 1A). 

Next, a random copolymer of 3 and methyl methacrylate was prepared by a free radical 

polymerization (chr-PMMA, Scheme 1B). It was chosen to prepare a copolymer and not a 

homopolymer of 3 to ensure a good solubility of the resulting chromophore-functionalized polymer 

and to suppress disfavorable dipolar chromophoric interactions, which are typically observed at high 

chromophore densities.
31

 As dendrimer, the commercially available PAMAM dendrimer of the sixth 

generation with a diethylene triamine core was used (Mn = 58 048 g/mol). The peripheral primary 

amine functions were reacted with chromophore 8 to obtain the chromophore-functionalized 

PAMAM dendrimer (chr-den) (Scheme 1C). Finally, a phenol terminated hyperbranched 

poly(arylene oxindole) with a degree of branching of 100%
18

 ( nM  = 20 kg/mol, measured by GPC-

MALLS) was functionalized with 8 using N,N-dimethylaminopyridine (DMAP) as a base, yielding 

chr-hyper. (Scheme 1D). 

All three macromolecules were analysed with 
1
H-NMR spectroscopy, which confirmed the proposed 

molecular structure. For the linear polymer, the relative amount of chromophore-functionalized 

monomer (3) could be calculated from the relative ratio of the signal at 4.3 and 3.6 ppm and was 

found to be approximately 27%. This percentage is in good agreement with the 4:1 ratio methyl 

methacrylate/3 used for the polymerization.  
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The number-average molar mass ( nM ) and polydispersity index (PDI) of the three macromolecules 

were analysed by GPC in THF towards polystyrene standards and are presented in Table 1. Due to 

the degree of branching of 100%, T = D + 1 (T and D are the number of terminal and dendritic units, 

respectively). Consequently, since the polymer mass is sufficiently large, the number of terminal 

units (almost) equals the amount of dendritic units. Since every terminal unit contains two phenol 

functionalities, the number of monomeric units equals the number of phenol groups. Taken the 

degree of chromophore functionalization into account (vide infra), an increase of the molar mass of 

9% would be expected for chr-hyper compared with hyper. However, according to the GPC 

measurements, an increase of 27% is found. It must be emphasized that the molar mass of 

hyperbranched polymers, measured by GPC towards linear standards, must be put into perspective. 

The molar mass of the chromophore-functionalized dendrimer (chr-den) was not determined by 

GPC analysis due to its insolubility in THF. However, the molar mass can easily be calculated taken 

a (almost quantitative) functionalization into account. 

UV-vis spectroscopy 

The three macromolecules and 5, which served as a chromophoric reference compound, were 

analysed by UV-vis spectroscopy. According to Table 1, all compounds have approximately the 

same max. This strongly supports the hypothesis that the actual chromophore is for all compounds 

the same. This implies that the relevant electronic properties are identical, regardless in which 

macrostructure the compound is incorporated (linear polymer, hyperbranched polymer or dendrimer). 

Therefore, it can indeed be assumed that the extinction coefficient (ε) and hyperpolarizability (β) of 

the actual chromophore are identical in all cases. As a consequence, the chromophore density can be 

conveniently measured by UV-vis spectroscopy using the Lambert-Beer law (Table 1). The 

chromophore density measured for the PMMA copolymer in this way corresponds quite well with 

that calculated from 
1
H-NMR spectroscopy. For the dendrimer an (almost) quantitative chromophore 

functionalization is observed, which can be attributed to its globular structure, in which all primary 

amine functions are easily accessible and the use of a coupling reaction which is known to be very 

efficient. 
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Hyper-Rayleigh scattering 

The HRS response of an ensemble of chromophores depends on (i) the hyperpolarizability  of the 

individual chromophores, (ii) their concentration (N) and, (iii) the orientation of the chromophores 

with respect to each other.
19,23-24

 As already mentioned, the hyperpolarizability of the DπA structures 

(π-system, end-capped with an electron donating group on one side and electron accepting group on 

the other side) is the same for all systems (model compound, linear polymer, hyperbranched polymer 

or dendrimer). The chromophore density can easily be derived from UV-vis spectroscopy. 

Consequently, the influence of the molar mass and degree of functionalization is therefore restricted 

to a possible influence on the conformation, but not on HRS, expressed per chromophore. The only 

unknown parameter determining the HRS intensity (expressed per chromophore) of the different 

systems is the relative orientation of the chromophores with respect to each other. Indeed, a random 

arrangement of chromophores appears identical to an isotropic solution of individual molecules, as 

the chromophores are in both cases not correlated. If, on the other hand, the chromophores’ 

respective orientation is fixed in a certain way, i. e. they are correlated, the magnitude of the HRS 

response is a function of this orientation. A centrosymmetric arrangement results in no HRS 

response, while a completely directional alignment of all the chromophores pointing in the same 

direction provides the largest possible response. Since all chromophores are attached to the 

macromolecule via a short, rigid spacer, a difference in macromolecular conformation can be 

reflected in a different relative orientation of the chromophores and, hence, a different HRS 

response. Therefore, HRS has already proven to be a powerful tool in probing difference in the 

macromolecular structure of chromophore-functionalized macromolecules.
19

  

The HRS intensities of the model compound 5, the linear polymer chr-PMMA, the hyperbranched 

polymer chr-hyper and the dendrimer chr-den were measured and the results are displayed in 

Figure 1. The HRS intensity of the model compound and chr-PMMA are essentially the same, 

which is in agreement with a random orientation of the chromophores in the linear methacrylate 

polymer, for which a random-coil conformation can be expected. It also shows that no 

centrosymmetric dipolar interactions between the chromophores are present, since this would 

decrease the overall HRS response. The chromophore-functionalized dendrimer, however, shows 
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within the limits of the experimental set-up and in the conditions in which the other molecules give a 

clear HRS signal, no HRS response. This observation is in agreement with the globular structure of 

the dendrimer: in this macromolecular structure, the chromophores are located in the periphery and 

all point away from the center due to sterical restrictions. This ensemble of chromophores is 

centrosymmetric and therefore HRS silent. This has already been observed for other chromophore-

functionalized dendrimers.
19,25-26

 More particularly, it has been found that a globular structure for 

chromophore-functionalized dendrimers is adopted starting from the third generation, since at this 

generation, the HRS response starts to show a significant decrease when the chromophore is attached 

to continuously higher generations. Therefore, it must be mentioned that the globular structure (with 

vanishing HRS response) is not restricted to dendrimers of very high generations (and high molar 

masses, as is employed here), but is already observed at much smaller generations and lower molar 

masses. If the HRS intensity of the hyperbranched polymer is compared with that of the other 

systems, it can be concluded that the chromophores in the hyperbranched poly(arylene oxindole) are 

not correlated, since the same HRS response is found for chr-hyper as for the model compound 5. It 

must be mentioned that, since the functionalization of the hyperbranched polymer with the 

chromophore occurs statistically, i. e. no correlation is expected between the phenolic groups 

reacting and their mutual orientation, a non-quantitative chromophore-functionalization – as is the 

case of chr-hyper - cannot influence the HRS experiment. Also a possibly increased distance 

between the chromophores, arising from a lower degree of functionalization and/or molar mass, 

cannot affect the outcome of the HRS experiments, since the dimensions of the macromolecules 

studied is much smaller than the correlation length of the HRS experiments (the maximal distance 

between correlated chromophores to be “seen” correlated in the HRS experiment).
32 

It must be noted that HRS does not provides direct information about the conformation of 

chromophore-functionalized macromolecules, but only measures whether the chromophores are 

correlated or not. On the other hand, HRS can give (indirect) information of the conformation of the 

macromolecule. For example, the decline of the HRS response in dendrimers, which must originate 

from a centrosymmetric arrangement of the chromophores, can be attributed to the globular structure 

of the dendrimer, which forces the chromophores, present in the periphery, in a centrosymmetric 
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organization. Applied on chr-hyper, two possibilities arise. First, the hyperbranched polymer could 

not adopt a globular structure, but it is instead folded in a coil-like structure, in which the 

chromophores are indeed not correlated, similarly to the linear poly(methacrylate). A second 

possibility is that the polymer is globular, but that the chromophores’ respective orientation is 

random. In this respect, it must be mentioned that, if the hyperbranched polymer adopts a globular 

structure, the functional groups, and therefore also the chromophores, can be both present in the 

periphery and the core. On the other hand, while it can be assumed that the chromophores in the core 

are not correlated, they must be in the periphery (for the same reason as they are in dendrimers). 

Therefore, the overall HRS response of a spherical, hyperbranched polymer can be assumed to have 

two contributions: one of uncorrelated chromophores, present in the core, which give the same HRS 

response as 5, and one from correlated, centrosymmetrically organized chromophores, present in the 

periphery, which are HRS silent. Given the moderate molar mass of chr-hyper and the fact the 

functional groups reacting in the periphery are more accessible than in the core, the contribution of 

the periphery can certainly not be neglected, and hence, these HRS measurements suggest that chr-

hyper does not adopt a globular structure, in spite of its very high degree of branching (100%). 

 

Conclusions 

In conclusion, a hyperbranched poly(arylene oxindole), a poly(methacrylate) and a dendrimer, to 

which the same nonlinear optical chromophore was attached via a small, rigid spacer, were prepared 

and the difference in hyper-Rayleigh scattering intensities was measured and compared. It was found 

that the chromophores in the hyperbranched polymer are not orientationally correlated, which is in 

contrast to globular dendrimers but similar to random-coil, linear polymers. These experiments 

suggests that the hyperbranched polymers, despite its high degree of branching, does not adopt a 

globular structure or at least require a much larger molar mass than dendrimers to do so.  
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Figure legends 

Table 1. Molar mass, polydispersity, λmax, ε and the degree of functionalization for the different 

polymers. 

Scheme 1. Synthesis of (A) the chromophoric building blocks, (B) the chromophore-functionalized 

poly(methacrylate) copolymer, (C) the chromophore-functionalized dendrimer, and (D) the 

chromophore-functionalized hyperbranched poly(arylene oxindole). 

Figure 1. Comparison of the HRS signal of the model compound 5, the linear polymer chr-PMMA, 

the hyperbranched polymer chr-hyper and the dendrimer chr-den. 

 

Text For Graphical Abstact 

A hyperbranched poly(arylene oxindole), a poly(methacrylate) and a dendrimer, which are equipped 

with the same nonlinear optical chromophore, were prepared. The difference in hyper-Rayleigh 

scattering intensities was measured. From their comparison, it was concluded that the chromophores, 

and hence the functional groups in the macromolecule before functionalization, are correlated in the 

dendrimer due to its globular structure, while they are not orientationally correlated in the linear ánd 

hyperbranched polymer.  

 


