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ABSTRACT: By modifying the synthetic procedure, the previous reported impossible approach was successfully
utilized to construct new azo-chromophore-containing hyperbranched polymers (HP1 and HP2) from AB,
monomers through click chemistry reactions with the aid of copper(I) catalysis. The two polymers were soluble
in organic solvents and well characterized. Thanks to the advantages of the hyperbranched polymeric structure,
the two polymers demonstrated good NLO properties, making them promising candidates for the practical

applications.

Introduction

In recent years, the “click” chemistry has aroused much
interest among researchers because of its remarkable features
such as nearly quantitative yields, mild reaction conditions,
broad tolerance toward functional groups, low susceptibility to
side reactions, and simple product isolation. Especially, the
copper-catalyzed Huisgen cycloaddition, also termed as the
Sharpless “click” reaction, is the typical example and has been
successfully applied to macromolecular chemistry, affording
polymeric materials varying from block copolymers, dendrimers,
to complex macromolecular structures.'~* However, as to the
hyperbranched polymers, the reported examples are still scarce,
and most of them took an A, + Bj approach,Sa in which two
monomers containing terminal azido and yne groups were
needed to construct the hyperbranched polymers through the
click chemistry reaction. And it was reported that the Cu(l)-
catalyzed click polymerizations of the AB, monomers failed to
yield soluble polymers due to the self-oligomerization.”®

On the other hand, on the basis of the work reported in the
literature,® "' we have tried to explore some approaches to
partially solve one of the major problems encountered in
optimizing organic second-order nonlinear optical (NLO) ma-
terials:'? to efficiently translate the large f values of the organic
chromophores into high macroscopic NLO activities of poly-
mers, according to the site isolation principle."? Also, our
obtained results demonstrated that the introduction of the NLO
chromophore moieties to the system of hyperbranched polymers
would lead to novel NLO polymers with very large macroscopic
NLO effects, partially due to the advantages of hyperbranched
polymers, such as the globular structure, the three-dimentional
spatial separation of the chromophore moieties."* And in
comparison with dendrimers, it was much convenient to prepare
NLO hyperbranched polymer with one-pot synthesis. But the
synthetic methods we used before were based on the normal
A, + Bj approach. To construct hyperbranched polymers with
the structure more like dendrimers to achieve higher macro-
scopic NLO effects, we would like to prepare new NLO
hyperbranched polymers from AB, monomers. Considering the
remarkable features of the click chemistry reactions mentioned
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above, it should be ideal to prepare these new polymers via
click chemistry.

Thus, partially based on our previous work on the syntheses
of linear polymers with the usage of click chemistry
reactions, > we successfully obtained new azo-chromophore-
containing hyperbranched polymers HP1 and HP2 from AB,
monomers (Scheme 1) by modifying the synthetic procedure,
confirming that the self-oligomerization of AB, monomers could
be avoided. The two polymers were easily soluble in common
organic solvent and well characterized. The tested NLO proper-
ties demonstrated that the NLO values were up to 124.4 pm/V;
thus, coupled with their convenient synthesis and high thermal
stability of the NLO activities, HP1 and HP2 could be good
candidates for the practical photonic applications. Herein we
would like to present the synthesis and characterization of these
new hyperbranched polymers in detail.

Experimental Section

Materials and Instrumentation. Chromophores 4 and 5 were
prepared as reported previously.'? All the other reagents were used
as received. 'H NMR and '3C NMR spectra were measured on a
Varian Mercury300 spectrometer using tetramethylsilane (TMS; o
= 0 ppm) as internal standard. The Fourier transform infrared
(FTIR) spectra were recorded on a PerkinElmer spectrometer-2 in
the region of 3000—400 cm™' on NaCl pellets. UV—vis spectra
were obtained using a Schimadzu UV-2550 spectrometer. Gel
permeation chromatography (GPC) was used to determine the
molecular weights of polymers. GPC analysis was performed on a
Waters HPLC system equipped with a 2690D separation module
and a 2410 refractive index detector. Polystyrene standards were
used as calibration standards for GPC. DMF was used as an eluent,
and the flow rate was 1.0 mL/min. Thermal analysis was performed
on a NETZSCH STA449C thermal analyzer at a heating rate of 10
°C/min in nitrogen at a flow rate of 50 cm*/min for thermogravi-
metric analysis (TGA). The thermal transitions of the polymers were
investigated using a METTLER differential scanning calorimeter
DSC822e under nitrogen at a scanning rate of 10 °C/min. The
thickness of the films was measured with an Ambios Technology
XP-2 profilometer.

General Procedure for Synthesis of Chromophores M1
and M2. Diazonium salt 1 or 3 (1.00 equiv) and compound 2 (1.00
equiv) were dissolved in DMF at 0 °C. The reaction mixture was
stirred for 12 h at 0 °C, then treated with H,O and extracted with
CH,Cl, (DCM), and washed with brine. The organic layer was dried
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Scheme 1
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Table 1. Polymerization Results and Characterization Data

polymer yield (%) M x 10° M /M, T,” (°C) T (°C) T. (°C) 1 (um) dsf (pm/V) 33005 (pm/V) D"
HP1 84.2 422 1.22 132 160 0.64 77.9 21.7 0.25
HP2 80.8 2.59 1.57 117 130 0.48 124.4 22.7 0.22

“ Determined by GPC in DMF on the basis of a polystyrene calibration.

® The glass transition temperature (7) of polymers detected by the DSC analyses

under argon at a heating rate of 10 °C/min.  The 5% weight loss temperature of polymers detected by the TGA analyses under nitrogen at a heating rate
of 10 °C/min. ¢ The best poling temperature. ¢ Film thickness./ Second harmonic generation (SHG) coefficient. ¢ The nonresonant ds; values calculated by
using the approximate two-level model. ” Order parameter ® = 1 — A,/A; A, and A, are the absorbance of the polymer film after and before corona poling,

respectively.

over Na,SO,. After removal the organic solvent, the crude product
was purified by column chromatography on silica gel using DCM/
ethyl acetate (10/1) as eluent.

Chromophore M1. Diazonium salt 1 (135 mg, 0.41 mmol),
compound 2 (95 mg, 0.41 mmol). The product M1 was obtained
as a red solid (170 mg, 89.0%). IR (thin film), v (cm™!): 2101 (—Nj3
and —C=C—), 1295, 1130 (—S0O,). '"H NMR (CDCl;) 6 (ppm):
1.98 (m, 3H, —CH,— and —C=CH), 2.33 (m, 2H, —CH,—), 3.27
(t, J = 8.1 Hz, 2H, —SO,CH,—), 3.57 (t, J = 6.0 Hz, 4H,
—N—CH,—), 3.71 (t, J = 6.0 Hz, 4H, N;—CH,—), 6.80 (d, J =
9.6 Hz, 2H, ArH), 7.96 (d, 2H, J = 8.7 Hz, ArH), 8.00 (m, 4H,
ArH). C NMR (CDCl3) 6 (ppm): 17.5, 22.0, 49.0, 51.0, 55.3,
704, 82.0, 112.2, 123.1, 126.5, 129.3, 139.1, 144.7, 150.2, 156.2.

Chromophore M2. Diazonium salt 3 (167 mg, 0.52 mmol) and
compound 2 (121 mg, 0.52 mmol). The product M2 was obtained
as a deep red solid (202 mg, 84.0%). IR (thin film), v (cm™'): 2090
(—N; and —C=C—), 1515, 1333 (=NO,). 'H NMR (CDCl3) ¢
(ppm): 2.01 (s, 1H, —=C=CH), 2.17 (m, 2H, —CH,—), 2.51 (t, 2H,
J =6.6 Hz, —CH,—), 3.60 (t, / = 5.7 Hz, 4H, —N—CH,—), 3.72
(t, J = 6.0 Hz, 4H, N3—CH,—), 446 (t, J = 6.0 Hz, 2H,
—CH,—0-), 6.80 (d, 2H, J = 9.0 Hz, ArH), 7.67 (d, J/ = 8.7 Hz,
2H, ArH), 7.92 (m, 3H, ArH). 3C NMR (CDCl;) § (ppm): 15.4,
28.2,49.0, 51.0, 68.3, 68.5, 69.5, 83.4, 109.4, 109.7, 112.2, 116.8,
117.7, 126.4, 145.5, 147.2, 148.8, 149.9, 155.5.

General Procedure for Synthesis of HP1 and HP2. HP1 and
HP2 were synthesized by the Cu-catalyzed 1,3-dipolar cycloaddi-
tions from chromophore M1 and M2, respectively. A typical
experimental procedure for the preparation of HP1 is given below
as an example.

Chromophore M1 (56 mg, 0.12 mmol) was dissolved in DMF
(6 mL) under nitrogen, and then an aqueous solution of CuSO,
(150 uL, 0.04 M) and sodium ascorbate (NaAsc) (150 uL, 0.08
M) was dropped. After the reaction was stirred for 10 h at room
temperature, the end-capped chromophore 4 (55 mg, 0.13 mmol)
was added; at the same time, another batch of CuSOy (50 4L, 0.04
M) and NaAsc (50 uL, 0.08 M) was also added. The reaction
mixture continued to stir for 9 h. After that, a lot of methanol was
poured into the mixture and then filtered. The obtained solid was
further purified by reprecipitation from its DMF solution into
methanol to afford an orange-red powder (85 mg, 84.2%). M,, =
4.26 x 10°, M,/M, = 1.22 (GPC, polystyrene calibration). IR (thin
film), v (cm™"): 1299, 1130 (—SO,). 'H NMR (DMSO-dy) 6 (ppm):
09—-1.2 (—CHj), 1.6—1.9 (—CH,—), 2.6—2.8 (—CH,—), 3.3
(—SO,CH,—), 3.4 (—N—CH,—), 3.6—3.8 (—N—CH,—), 4.3—4.5
(—N—CH,—), 6.6—6.8 (ArH), 7.6—8.0 (ArH). 3C NMR (DMSO-
de) 0 (ppm): 11.9, 12.8, 18.8, 23.1, 24.0, 44.2, 46.1, 46.4, 47.2,

54.2,55.8, 111.5, 112.2, 122.8, 123.1, 126.1, 126.5, 129.5, 138.7,
139.5, 143.1, 144.2, 146.2, 151.0, 151.6, 156.0, 156.4. UV—vis
(THF, 0.02 mg/mL): Ay (nm): 445.

HP2. Chromophore M2 (69 mg, 0.15 mmol), 5§ (62 mg, 0.17
mmol). After the reaction was stirred 24 h, the end-capped group
5 was added for the next 9 h reaction. Red powder (101 mg, 80.8%).
M, =259 x 10°, M,/M, = 1.57 (GPC, polystyrene calibration).
IR (thin film), v (cm™"): 2095 (—N3), 1515, 1340 (—=NO,). 'H NMR
(CDCl3) 0 (ppm): 1—1.4 (—CHj), 2.0—2.4 (—CH,—), 2.6—3.0
(—CH,—), 3.1—4.6 (—N—CH,—), 6.3—6.8 (ArH), 7.3—8.0 (ArH).
13C NMR (DMSO-ds) 6 (ppm): 13.0, 22.0, 29.0, 31.1, 35.0, 44.8,
47.2, 48.5, 50.5, 69.1, 109.8, 111.7, 112.4, 116.8, 117.5, 123.4,
125.6, 126.2, 126.6, 136.0, 139.8, 143.8, 144.7, 146.9, 148.4, 151.1,
155.3. UV—vis (THF, 0.02 mg/mL): A,,,x (nm): 464.

Preparation of Polymer Thin Films. The polymers were
dissolved in DMF (concentration ~3 wt %), and the solutions were
filtered through syringe filters. Polymer films were spin-coated onto
indium—tin oxide (ITO)-coated glass substrates, which were cleaned
by N,N-dimethyformide, acetone, distilled water, and THF sequen-
tially in ultrasonic bath before use. Residual solvent was removed
by heating the films in a vacuum oven at 40 °C.

NLO Measurement of Poled Films. The second-order optical
nonlinearity of the polymers was determined by in situ second
harmonic generation (SHG) experiment using a closed temperature-
controlled oven with optical windows and three needle electrodes.
The films were kept at 45° to the incident beam and poled inside
the oven, and the SHG intensity was monitored simultaneously.
Poling conditions were as follows: temperature: different for each
polymer (Table 1); voltage: 7.7 kV at the needle point; gap distance:
0.8 cm. The SHG measurements were carried out with a Nd:YAG
laser operating at a 10 Hz repetition rate and an 8 ns pulse width
at 1064 nm. A Y-cut quartz crystal served as the reference.

Results and Discussion

Synthesis. The synthetic route of compounds 1—3 was shown
in Scheme S1, and the detailed procedure was similar as reported
in the literature and our previous case."” Then, under the normal
azo coupling reaction conditions, especially at the low reaction
temperature (0 °C), monomers M1 and M2 could be easily
obtained with satisfied yields. From the structure of M1 and
M2, it was easily seen that both of the azido and yne groups
were present, and these two reactive groups possessed high
reactivity and could react with each other at temperatures a little
higher than room temperature. That is to say, if the two
monomers, M1 and M2, were prepared through other ap-
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proaches, perhaps we could not obtain the two monomers due
to the high reactivity of azido and alkyne groups. Thus, the
usage of the two diazonium salts, 1 and 3, possessed at least
two advantages: (1) the followed azo coupling reaction could
be conducted in pure organic solvent, avoiding the general used
inorganic acids and the possible low solubility of the reaction
starting materials in the mixed solvent of organic solvent and
water under the normal azo coupling reactions; (2) the high
reactivity of the diazonium salts assured the high yields of the
azo coupling reaction at low temperature, at which both of the
azido and alkyne groups are stable. Thus, the successful
preparation of monomers containing both of the azido and
alkyne groups might give light on the syntheses of other
monomers with different functionalities. Actually, the obtained
two monomers, M1 and M2, were relatively stable under normal
storage conditions: at 25 °C, they remained unchanged for nearly
1 month. So, for the preparation of other monomers containing
both of the azido and alkyne groups, the reaction temperature
might be raised to 25 °C, but not only 0 °C used in our case.

The polymerization process of M1 and M2 was handled very
carefully. As mentioned in the Introduction, the previous
literatures have proposed that the Cu(I)-catalyzed click poly-
merizations of the AB, monomers failed to yield soluble
polymers due to the self-oligomerization. After the successful
utilization of the Sharpless ‘“click” reaction in the linear
polymeric systems,'?*“f we considered that the “click” reaction
might be controlled by adjusting the synthetic procedure. Thus,
we attempted to prepare hyperbranched polymers from AB,
monomers through the Sharpless “click” reaction. Also, we
thought that after the termination of the polymerization process
there should be some unreacted azido groups remained, which
could react with the remaining alkyne moieties, directly leading
to the final products insoluble during the purification process;
even the yielded polymer was soluble at the moment of the
termination of polymerization. To avoid this possible cross-
linking reaction, we would like to introduce some molecules
with similar structure but only containing alkyne groups as
monomers to react with the possible unreacted azido ones at
the second stage of the polymerization process. This strategy
was often used in the preparation of hyperbranched polymers
through other reactions, for example, Suzuki reactions, '® though
not being applied to the stuff of the click chemistry. Therefore,
as described in the Experimental Section, chromophore 4 or 5
was added to the polymerization reaction to react with the
unreacted azido moieties. At the same time, another batch of
catalysts was added to aid the followed click reaction between
the formed reactive hyperbranched polymer intermediate and
chromophore 4 or 5, since the previous added catalyst might
still coordinate with the azido and yne groups in the formed
hyperbranched polymer intermediate. As presented in the
Experimental Section, the second added batch of catalysts was
not the same as the first one, but much less (1/3). Actually, we
have tried to add the same quantity, but no soluble hyper-
branched polymer was yielded and only insoluble cross-linked
polymer was obtained. We thought that the possible reason
might be the too high concentration of catalysts, which further
accelerated the polymerization reaction of the reactive hyper-
branched polymer intermediate, leading to the cross-linked
insoluble polymer. Thus, we added less amounts of catalysts
(1/3 of the original one). Fortunately, the click reaction worked
well this time, and soluble hyperbranched polymers, HP1 and
HP2, were prepared successfully. This was understandable.
Under high concentration of catalysts, not only the click reaction
between the formed reactive hyperbranched polymer intermedi-
ate and chromophore 4 or 5 but also that in the reactive
hyperbranched polymer intermediate itself were accelerated
rapidly. And the latter one resulted in the unexpected insoluble
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Figure 1. IR spectra of polymers HP1 and HP2.

products. However, while the concentration of catalysts de-
creased, the catalysts would first coordinate with chromophore
4 or 5 due to relatively higher concentration of chromophore 4
or 5 in comparison with the coordination points in the reactive
hyperbranched polymer intermediate. After this, the concentra-
tion of catalysts was even lower, which would have little
influence on the click reaction of the formed reactive hyper-
branched polymer intermediate. Thus, with the decreased
amount, the second batch of catalysts would mainly accelerate
the click reaction between chromophore 4 or 5 and the formed
reactive hyperbranched polymer intermediate to give soluble
hyperbranched polymers with no azido groups.

Thus, by modifying the synthetic procedure, soluble hyper-
branched polymers, HP1 and HP2, could be obtained conve-
niently from AB, momomers via click chemistry under copper(I)
catalysis. The successful examples demonstrated here would
benefit the construction of hyperbranched polymers from AB,
momomers through click chemistry reaction, and many other
functional hyperbranched ones could be prepared. Also, it might
be possible to obtain the corresponding soluble hyperbranched
polymers from the previous reported AB, momomers in the
literature, which failed to give soluble products, by modifying
the synthetic procedure carefully.

Structural Characterization. The monomers and polymers
were characterized by spectroscopic methods, and all gave satisfac-
tory spectral data. The NLO chromophores M1 and M2 were new
compounds, and the two hyperbranched polymers HP1 and HP2
were not reported yet. Figure 1 shows the IR spectra of HP1 and
HP2, in which the absorption bands associated with the nitro
groups were at about 1515 and 1340 cm™! in HP2, while that
of sulfonyl group at about 1299 and 1130 cm™! in HP1. In
comparison with the IR spectra of M1 and M2 (Figure S1), no
absorption band at about 2095 cm™! was found in the spectrum
of HP1, confirming that no azido and yne moieties were present.
However, it was easily seen that there was a weak absorption
at about 2095 cm™! in the spectrum of HP2, indicating that
there were still some azido groups present without the click
reaction with the added chromophore 5.

In the preparation procedure, the whole process of the click
reaction was monitored by IR spectra, and only when the
absorption peak of the azido and yne groups at about 2095 cm™!
disappeared, the reaction was then stopped. And actually, during
the synthesis of HP2, no peak of the azido groups was observed
in the IR spectrum of the reaction mixture, when the reaction
was stopped. However, the weak absorption of the azido groups
was found in the spectrum of HP2. This should be caused by
the low concentration of azido groups in the reaction mixture
we monitored. Although HP2 contained some unreacted azido
groups, it was very stable during the storage and characterization
process, indicating that a small amount of azido moieties would
not lead to the cross-linking reaction of the hyperbranched
polymers, since the azido moieties were surrounded by other
bulky groups in the polymers.

The '"H NMR spectra of hyperbranched polymers HP1 and
HP2 and their corresponding monomers M1 and M2 are
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shown in Figures S2—S7. The chemical shifts were consistent
with the proposed polymer structure as demonstrated in Schemes
2 and 3. In comparison with their corresponding monomers,
there were some new peaks which appeared in the 'H NMR
spectra of HP1 and HP2. For example, the peaks around 1.0
ppm should be ascribed to the signal of the methyl groups, which
were derived from chromophore 4 or 5, indicating that the
polymerization process really underwent as demonstrated in
Schemes 2 and 3. The obtained '*C NMR data of HP1 and HP2

CuS0Oy4/NaAsc, DMF

Q °\
o e o 5 (CHoks
u SC
'\],N NO2 4 - > HP2
DMF
M

further confirmed the above points; for example, the signal of
the carbon atoms in triple bonds disappeared completely. Also,
the data of '*C NMR coincided with the previous reported cases
and demonstrated that the copper(I)-catalyzed click reactions
offered control of the regiochemistry at the [1,2,3]-triazole ring,
resulting only in 1,4-disubstituted [1,2,3]-triazoles.'*"

The molecular weights of HP1 and HP2 were determined
by gel permeation chromatography (GPC) with DMF as an
eluent and polystyrene standards as calibration standards. As
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Figure 2. UV —vis spectra of HP1 in different solvents (0.02 mg/mL).
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Figure 3. UV—vis spectra of HP2 in different solvents (0.02 mg/mL).

Table 2. Maximum Absorption Wavelength of Polymers (Amax,
nm)“

CHCl, THF 1,4-dioxane DMF DMSO film

HP1 (461) 445 (453) 442 (448) 443 (464) 449 (474) 434
HP2 465 (502) 464 (491) 470 (485) 475 (506) 484 (512) 468

“ The maximum absorption wavelength of polymer solutions with the
concentrations fixed at 0.02 mg/mL, while the maximum absorption
wavelength of the corresponding small chromophore molecules 4 or 5 in
diluted solutions (1.25 x 107° mol/mL) is given in parentheses.

shown in Table 1 and the Experimental Section, the two
hyperbranched polymers possessed high molecular weight,
indicating that the polymerization method reported here was
successful to construct hyperbranched polymeric structure with
high molecular weight and good solubility from AB, monomers
through the click reaction. The polymers were thermally stable.
Their TGA thermograms are shown in Figure S8, and the 5%
weight loss temperature of polymers are listed in Table 1. HP1
exhibited better thermal stability than HP2, possibly due to its
higher molecular weight. The glass transition temperatures (7)
of HP1 and HP2 were investigated using a differential scanning
calorimeter (Table 1), and they have moderate 7,s, 132 and 117
°C, respectively.

UV —vis Spectra and Site-Isolation Effects. HP1 and HP2
were soluble in common organic solvents such as THF, 1,4-
dioxane, DMF, and DMSO. The UV —vis absorption spectra of
the polymers in different solvents are demonstrated in Figures
2 and 3, while the maximum absorption wavelengths (A;,x) of
chromophores 4 and § are shown in Table 2. It was easily seen
that the chromophore moieties in HP1 and HP2 exhibited blue-
shifted maximum absorption in comparison with those of the
free chromophores in the same solvent (Table 2). In HP1 and
HP2, the chromophore moieties were surrounded by [1,2,3]-
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triazole rings formed during the polymerization process, which
might act as isolation moieties. Generally, the effective site
isolation could be achieved to reduce the aggregation between
chromophore moieties, and the site-isolation effect could be
indicated by the UV —vis spectra.'” Thus, the abnormal UV —vis
absorption behavior of HP1 and HP2 should disclose that the
chromophore moieties in them were surrounded by the isolation
groups, which shielded the chromophore moieties from the
solvatochomic effect. That is to say, in the two hyperbranched
polymers, the effective site isolation effect was achieved, which
would directly reduce the strong intermolecular dipole—dipole
interactions between chromophore moieties and benefit the
ordered noncentrosymmetric alignment during the poling pro-
cess.

As shown in Figure 2, the difference of the maximum
absorption wavelengths of HP1 in different solvents was very
little, not larger than 7 nm (in 1,4-dioxane and DMSO),
demonstrating the effective site isolation effect. However, the
case in HP2 was not the same; the difference was as large as
20 nm (in THF and DMSO). But except for DMSO, the
difference of the maximum absorption wavelengths of HP2 in
different solvents was not so large, and less than the difference
of the free chromophore 5 (11 nm vs 21 nm in 1,4-dioxane and
DMEF), indicating the presence of the site isolation effect. The
different disclosed site isolation behavior in HP1 and HP2
should be caused by the different structure: in HP1, the isolation
groups were on the two terminal side of the chromophore
moieties; while in HP2, one isolation group was linked to the 7-
conjugated bridge, and the nitro groups were exposed outside
to facilitate the possible interaction between the chromophore
moieties. Thus, to achieve more effective site isolation effect,
the isolation moieties should be placed at both of the donor
and acceptor sides, as in the case of HP1. The maximum
absorption wavelengths of HP1 and HP2 in solid films were
also measured (Table 2); these two polymers still exhibited much
blue-shifted maximum absorption wavelengths. This would lead
to good transparency and reduced optical loss in devices, which
would surely benefit their practical application in the photonic
fields.

NLO Properties. To evaluate the NLO activity of the
polymers, their poled thin films were prepared. The most
convenient technique to study the second-order NLO activity
is to investigate the second harmonic generation (SHG)
processes characterized by ds;, an SHG coefficient. The
method for the calculation of the SHG coefficients (ds3) for
the poled films has been reported in our previous papers.'?
From the experimental data, the d3; values of HP1 and HP2
were calculated to be 77.9 and 124.4 pm/V, respectively, at
1064 nm fundamental wavelength (Table 1). To check the
reproducibility, we repeated the measurements three times and
got the same results. The values were relatively high for
polymers containing this kind of azo-chromophore moieties,
especially for HP2. In comparison with the values of other
polymers containing similar azo-chromophores tested by the
same equipment, the ds; values of HP1 and HP2 were still very
high. Previously, we have prepared a series of azo-chromophore-
containing polyurethanes (PS1—PS8, Chart S1),'** in which the
size of the isolation groups was changed from very small
(hydrogen atoms) to larger (carbazolyl ones), and the macro-
scopic NLO effects could be boosted much higher when the
isolation group was the carbazolyl one in PS4 (82.3 pm/V) and
the phenyl one in PS7 (63.0 pm/V) (Chart 1). Here, in HP1
and HP2, the size of the isolation groups, triazole moieties,
was smaller than both of the carbazolyl and phenyl ones in
PS4 and PS7, but the tested NLO effects were much higher
than those of PS4 and PS7. This should be ascribed to two
possible reasons: (1) The special dendrimer-like structure of
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hyperbranched polymers, such as the globular structure, the
three-dimentional spatial separation of the chromophore
moieties, which facilitated the noncentrosymmetric alignment
of chromophore moieties under the electric field. (2) There
were three triazole rings surrounded the azo-chromophore
groups in HP1 and HP2, which could decrease the strong
intermolecular dipole—dipole interactions of chromophore
moieties more efficiently, benefiting the followed poling-
induced noncentrosymmetric alignment, according to the site
isolation principle.

As discussed above concerning the UV—vis spectra of HP1
and HP2, the three triazole moieties formed in the click
polymerization process were important to achieve more effective
site isolation, which directly contributed to the large NLO
effects. Thus, the above-mentioned reason 2 should account for
the good results of HP1 and HP2. On the other hand, in our
previous case of NLO hyperbranched polymers, the hyper-
branched polymers (PS9, Chart S2) demonstrated better mac-
roscopic NLO property over its corresponding linear analogue
(PS10, Chart S3),'4a which was due to the special structure and
several advantages of hyperbranched polymers. That is to say,
the unique structure of hyperbranched polymers contributed to
the enhanced NLO effects of NLO hyperbranched polymers.
Therefore, both of the above two points were the reasons for the
good NLO properties of HP1 and HP2.

In comparison with another series of hyperbranched polymers
with similar structure (PS11—13, Chart S4), HP1 still demon-
strated larger NLO effects, indicating that there was still a
“suitable isolation group” present in the hyperbranched polymer
system, just as we proposed in the linear polymer system,'? if
we did not consider the preparation procedure for, and different
real structure of, HP1 and PS11—13. Thus, it was suggested
that to construct NLO hyperbranched polymer with even better
macroscopic NLO effects, the size and properties of isolation
groups between the chromophore moieties in the final products
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Figure 4. Decay curves of SHG coefficient of HB-NO, and HB-SO,
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as a function of temperature.
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should be considered, in addition to the preparation procedure
and the degree of branching. Further work was still needed to
confirm this point.

Considering there might be some resonant enhancement
due to the absorption of the chromophore moieties at 532
nm, the NLO properties of HP1 and HP2 should be smaller
as shown in Table 1 (ds3()), which were calculated by using
the approximate two-level model. However, the d3(0) values
of HP1 and HP2 were still higher than other linear polymers
containing similar azo-chromophore moieties. To further explore
the alignment of the chromophore moieties in the polymers,
we measure their order parameter (®). Figures S9 and S10
demonstrated the UV —vis spectra of the film of HP1 and HP2
before and after corona poling. It was easily seen that after the
corona poling the dipole moments of the chromophore moieties
in the polymers were aligned and the absorption curves
decreased due to birefringence. From the absorption change,
the @ values for the polymers could be calculated according to
the equation presented in Table 1 (footnote h), which were still
relatively high, further showing the good alignment of chro-
mophore moieties in HP1 and HP2. Thus, the larger calculated
ds3(0) and @ values of HP1 and HP2 confirmed the mentioned
advantages of hyperbranched polymers again, indicating that
NLO hyperbranched polymers could be considered as promising
candidates for the practical photonic applications.

The dynamic thermal stabilities of the NLO activities of the
polymers were investigated by depoling experiments, in which
the real-time decays of their SHG signals were monitored as
the poled films were heated from 35 to 180 °C in air at a rate
of 4 °C/min. Figure 4 shows the decay of SHG coefficient of
HP1 and HP2 as a function of temperature; the onset temper-
atures for decays were found to be 118 and 93 °C. The results
indicated that the long-term temporal stability of the polymers
was relatively good, and the better performance of HP1 should
be ascribed to its higher 7.

Conclusion

In summary, we have successfully synthesized two new azo-
chromophore-containing hyperbranched polytriazoles derived
from AB, monomers via click chemistry under copper(l)
catalysis by modifying the synthetic procedure. The two
polymers were soluble in organic solvents and demonstrated
higher macroscopic NLO effects, in comparison with their linear
analogues containing the chromophores with similar structure.
Thus, coupled with their good thermal stability, they were
promising candidates for the practical photonic applications. And
the approach to hyperbranched polymers through click chemistry
reactions presented here might shed light on the preparation of
many other functional hyperbranched polymers.
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